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Abstract 
T i i s  thals presents a novel tcchniqae of spccd roittn,: br pt.relam#nal (llhl] 
moton. Robus1 and precise specd eotltroi is of rn t i ru l  ihlllaorlnlrc in  1l8r I~ ig l i  1~t.1.- 
formsnce drive npplicationr. Usavoidnblc system clisiarI,;t!~~.~~r, rurh .IS lp.tr;trtn.~~.r 
wriationa, rilcets o f  sudden load impact und olhur ryrtc,s~ ctoisrs .~n. I~.IIIIVI.II ivy dl.- 
velaping on-line rclf tuning artilicinl neural sc~twork control rtnnr.l~~n-i I r r  1~1,111 l'bl 
dc and PM brushlegs synchronous nlotor drivcr. 'l'ilc ncsvly cleviarl ;~rt i l ir i .~l ~t<.imr;li 
network mntrollers are capable of ovcrcon~ing thc lirni!i~l.iosr or sa,<1~.1 ~ i c ~ p ~ ~ ~ ~ ~ l ~ ~ , ~ l  
convontianal fixed gain and exisling adaplive spccd con~rnl1c.r~. 
Utilizing the concepts of inverse motor ciyr~uznirr .u~ci ~trrn-l i~lr i~r b;~l cIs;br;a.~.t,r 
islics, artificial ncurai network based mntiollera arc derigsc,cl or, 1.h~: Ihuin I,( f<r?d. 
forward neural nolworks. Thc lranrienl and ciynar~~ir bcd~nuion o f l l ~ ~ !  prnl~o*vrl ~ l r i a :  
systems are improwd by incorporalirlg a trtbiquc fcntun, ,r a<liqrlive 1k~;si)ittp I.;LLI. 
wldch aids the on-line robust speed control avcr n wt l r  opc:rding rattp<:. 'I'LI: ~~ai, i l .  
i t y  of the proposed syalems has been ensured by r ~.umbi~~;~liot> ofolf-ling? nrld ~,tt-lisv 
trainings of the artificial neural nclworkn. 
As an integral par1 of this work, cllorts have ibccr~ ciin!ctod nt llne rcnl-tirnc! ill)- 
plementation of the artificial neural network baeci I'M rnoror (irivc: systenlr 1wio8g 
n disilal signal pmccsror (DSP) controller hoard-I1S1102. A sow cirr:uil l<>pohrfiy 
I#;,\ 111,1111 d,.w.lop<,d in order frr Ir.i.cs fhr. conlpc>ratinn burden o i  the DSP con~rollci 
l~ t l rn l  br 1111. i~ill,l<.tr~r.sl;~ticlri o i  Om I'XI lbiurblu~r iynrltronoor !notor rlrivc system. 
,\ r.ri<,r rji I,,rrr Ihta 1hv1.11 cnrrivd out ~ r . i l i ~  IhnLll I'M c l ~  and l'!.! ryncltionoas motors 
ill c l i c l v r  10 1~v8bl%ti~lo rilr, pr~rinnnascrs o i  l l lr  arti l i~inl ~lcaral nct~voik llased cirirr 
ry,tt.ltlr. 'i'llr. I.d,oi;blury Ic,\l. n,s~tltr vai>dalr. tllc it.asibiii1.y of Llie artificial ncllrill 
i ~ r , l l ~ ~ ~ i k  ill ill$ iarlal>tivo COIILIOIII.T 111 I ~ L C  l~iglt pcrbnnanrc driver. 
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Chapter 1 
Introduction 
1.1 Electric Motor Drives 
ISleclric rnncl~i!tcs, wi l l  their f i c l en l  capabilities of mnvcrting mechanical energy lo  
alcu.lri~rl, play an in~pnrtnnt mle i n  tiledevelopment olmodern lmhnoiogy From the 
stnnll lhoo~sel~olcl appliance* to  w t  industrial planls. electric motors havebeen playing 
their crucial mics for ,many ycnrs. Dircct current (dc), induction and synchronous are 
tha l l~rcc imic alntric maci~ines that serve illdustrial needs. With the day to  day 
I.c~r:ltaologicnl~Ivsnccmcnt, thcnpplicalion demand oftheelectric motorsincreases in 
n vvrsnlile tnmsner. Reccnt dcwlopmentr i n  magnetic materiala, semiconductor and 
~nicmrroccaaor lcchnologies haw led to a revolulionary advancement on the design 
and control n l  electric machine. A s  a result of intensive research, new machines, 
such ar brual~loss dc ~nnchines, switclmd reluclnnce machines, permanent magnet 
(I'M) nynchm81oas sarhines lhave come into the piclure ul modern technology [I]. 
r\ppli=atia, nrensol variablespeedand high performance motor drive (HPD) lbwe 
brnt primarily dominnled by  rclstively expensive dc molors for tile last few decades 
brcatsc they arc easy to contml due to the dccoupled nature of the field and armature 
magnctornotiw forces (hIA18). hlorrorrr, tiley rns h r  r o~~ lm l l cd  i g r impb nrnt m l l ~ ~ t ~  
deviccs,such ns nc-dcordc-dc m~lr r r t r r r .  Iiow.vc.r. rc,rlais lis~i~.ttiarttr .la a~roc.i,~tnl 
w i th  de motors. such as t l i r  inck or mbtrrtr~rrr iaid o~ r~ r l ea i  ~r lp;d,ilil.y, ~ni;rro\v rrrug. 
of speed operations, and frequet~t s~aiintmnsrr rt,qairnt>n>t ~ l uc  lo Ihr~trh-gnlr , I L~  
cornmutaton. Neverthrlcrs, pennancnl tnagnrl (I'M) ric tnmtuo; ~ l cn r  witll. .~ l t rs-  
tion, due to their compact rirc and rttggccl rtn~rtanc, ih ~ l i r i r  lac: is t~,clcivtta drirt. 
applications. The main ndvs>tnge or i'U dc n~utora aver mna.~>tioiael win,-ao~~ncl 
cxcitnl dc molars is that the fortnor rloca not swd r r l r a  ]po\vrr stopply for 1.. lic.Ll 
excitation. rather, eltcitalion is aclbievcd by Ibigi! w~ct.gy prnt~;tsrsl magra.t ~mnl~~ri;ds. 
Recently introduced modern powrr electmnic dcvicra, lhkc brcrk/br,ort ck-tic. ~.or~vt~rt- 
ers, pmvide an exeilcnt opportunity of aaing I'M clc swtr,rri i f ,  llr fmr r~tt;ulr;a~l, 
operation. Newly developed light \wight POIYPI iatntplifiers nm: ids, ihc,inl: %wu.d in  mil- 
ical applications, zuch as guiclcd manip~~int io t~r  nncl mbotic.~, t.oyalitc~r ai1.L I'M 1. 
motors where accuracy, weigh1 and slrc arc of paramount isq>orl;~src,. 
However, the shortcomings of dc rnotnrr hnvc enrnl$ntgvd n,svnrcbrr. tcr iin<l ;,I- 
lernativc means of using them in  high performn~~cr variairlc sptwri o[,cralious wls,n 
reliability and maintenance free operations are of prime cutno!rn. Couridcndrla irl.l*.!\- 
l i on  has been directed towards tho development of ilc trlolor l r iv<r ,  suclt it* ik~rl,~rtiot~, 
wire-!mend synchronous or PM brushlcsr motor drive< it, the i~n:i~1 o l vnrir l~lc rprv,cl 
operalion. 
AC moton are usually found suitable lor cot~stnl~l ape:<] oper;klic,r#s. III~I, nrr,st 
development or power eleclmnics and vary large *cnlc i t rgmlnr l  (VI.SI) <:in.uit$, i~cld 
the efficient uu of microprocossors ilavo made :;lo tune of ;rr rnotorx is ~norlc,nt v;vii~lrlr! 
speed drive sydcrns pm8ible. Applications of vertar control trxhniqlln, irl parliool;~r, 
offer an excelicnt opportunity of using nc motors in  nlrrdcrrl vt~rLi,le rpc?r,rl , I r is  
yyrtena el. 
As~nraq Llte ar: rnolors >used i t ,  drwc technology, the induction motors, parlicslarly, 
lilr: rqr!irn!l cngc type rrr ronsidcred ns tllc workhome in  thc industry bbecactse of 
I l l r i r  rl#ggedncsr, rcliahility, t.ftiooscy and low cart. Hut Il>erc are ~onle  limitations 
;uiroci.t.c.d ~ i ~ h  I,C inriuction which discallrnge their in high l.errormance 
v;~ri;d>la rprccl drivo applications. Onc of tile drawbacks of induction motors is that 
lhay always opcmtc at a lagging power factor because of the fact that thcir rotor 
l l r ~ l ~ l  t:xcilatiorlr are wlpplicd fmrn the rlntor aide. Yorcover, due to F R  slip power 
Icnscs, I.bc rlrivc syrtcm i r  not N clficienl as expected. Additional power iorres and 
mnp? pcllralion cltlc lo  higher hnrmonics originating from the power mnv r r t c r~  are 
dso co~widcred to LC tndor problems i n  thoinverter-led induction motor dr ivn.  Since 
inciurl.ion motor8 always r u ~  at lower speeds lhan thcnynchronour speed, thecontrol 
e l  thrrc !notors is rathcr conlplex. The rcal.lime implementation of the induction 
lr~otor drive rcquircs riopl~islicnled modeling and cstimal~on o l  mnchine parameters 
~v i l h  ~ o m ~ w h a t  cotnpbx eontml circuitry. 
'She syschrosoalr motor is ailering a serious challenge to the induction malor in  
Ihc varivhic rpccd application domain. The main ndvantnge of synchronous tnotors 
nvw iadaalion t!xllors is thcir irltrinsic ability to  eliminate rotor 12R slip power loss 
esci l o  sllpply tho rcactiw current. Bowever, the wire-tvound excited synchronous 
lntolors h-. .-me inherent disadvantage+, such s the requirement of extra power 
n~pl,ly, slip rings and 1,rurh-gears n l  the rotor to  prnvidc field excitalion. 
Wi th  the dvcnt  of lhish energy permanent magnets like samarium cobalt, 
tlmdymisnl-horo!~-imn, el.., tho drive technology has cnlcred inlo a new era ofbrush- 
ic\*r Pbl nxrlor drivca. Rom &he operational point of view, brushlcss PM motors are 
ryta'lmronoas emtotors. The trlnin advantageous feature associated with these kinds of 
rnolorr is that tile magncriratial~ Is proridcrl froln p~nnaoet l~  I~I.I,~ICI T I ~ I I ~ ~ .  \ \ i i t l~  
brushlcss Pbl  motors, i t  ir porsiblr to nrhierc Isotor pr rbr t t>a~~cw tl,;lt ran rt>rl,.ar 
thecon\.entiolal de, indnctios, wirr-\vollnd ercilrr l  r ~ ~ ~ r h r u ~ ~ o u r  t ~ > l o n .  \Fith n , r p t ~ ~  
to power density, torque lo  incrlin ratio and c.liiricncy, lbrial~lt~s.*~ I'hi trnltois .~n. st!. 
perior Lo thc convcnliot!al nc molorr. ilcnce. ~lcpc,adit~g 01, I h r  .rplrlic.alio~~, t.ltc.n. ;mv. 
mmy ik~stnnccs where bru~hlwa Pbl motors arc lrrclcmi~lr. 'I'ha l ~~ t r i c  ~.lassilir:to i i ~  of 
Ihruahlcss Pbl motors is sixown in Figs. I. l(n) nnd (b). i'igarc 1.1 (a) thr  clarri- 
Bcalion o l  the brusille~s ynchronous tmolor aceonling lo lllr ihrrrliou of ~ l ~ ~ ~ c l u v t i ~ ~ ~ ~  
cage winding lor starling the molar. I f  the rotor is pmvi<lt,d will) ~.ilpc wivx l i t~~,  i t  ir 
known as the cage type. The nthcr lylrc is ktlorn 1110 cilgc,lmr iht.ratw 111~  c-.tg, 
-"inding can he dirpenrecl ~ i t h  for this care. 'rt,. cage lyllc I,~,.I,I,.~. I'AI ttr,tol.r ;,,,. 
capable of starting with rated supply voltage nnci frqaol~cy. Ihl,rnllxr 6111. rlrtnr r , ~ g .  
winding provides thestarting torque. Also an ihmvrrter ran bc: II*I.II IU r w ~  ilci lgv IY~I. 
hrurilless PM motor with vnriablc voll;lge and frcclaency ill olrr:!~ bop. '1'11~ c.it~q.l<w 
bnlshless PM motors are u$unlly dnv~.s wi th  lhr help of nu iitvc.rtc.r. 'Ib in~i~ii~ti l i t t  
the aynchronirim, proper contml stralcgy ia npplicxl. Dc!pcnclisg lul~oa ~hc:  crlll~.rr,lliq 
topology, the hrurhlesr PM synchronous motor r ~ n  i~r c1;rnilieci illlo 1.wcr 
as shown i n  Fig, 1.1 (h); (i) the rwtangslar wnw k d  xyscbrono~t~   solon wil ir i l  ;an 
also known as brushless PY dc motor and (i i) till: ri!~ttroi,lal w;ta: fcrl S ~ ~ I I ~ ~ F O ~ ~ C ~ ~ M  
motors which are also known as h r lw l~ l r ~s  I'M ~ynchror~oos ~uot,ors. In ~JI,: I',nt~vr 
category, a discrete parition lecdbnck signal is !crud evvry fill c,ba,lric;ll ~ lvgar .~.  'I'lr 
induced hack emf is trapezoidal in shapc. Conn:r~~rcntly, t.hc cttrrcait, i r  n!quircal IL, 
be held constant for at least 120' in order to  gcncmtv a ripplc.lrcv; torclsm<,. Sitmca l lr. 
motor emf is ideally sln~rsoidnl in the latter catqory, i t  a a w  rnntimm~os rr,Lo? positietl 
feedback t o  farce the rinusoirlal-shaprd cclrrenl ihto line s101,ur is orcler to pt<,clt#<r: 
F~gure 1 1 Classrficah of bmshless PM motor &w, (a) based on cage mdmg,  
(b) bared on mntml methoda 
conetant and smooth torque Cenwalk the pulse mdth modulatxon (PWM) contml 
a t r s tw la adopted by unns s kyat-s or a r m p  current contmk for the brushless 
PM synchronoue motor drives 
The bmhleas PM synchmnous or brushlesa PM dc motor can further be catego- 
r d  as  (I) anth sauxrr and (u) sensarlss, b m h h  PM motors with m r a  uae 
nxchamcal Be-n, such an Aall&sta sensors, a h l n t e  a ~ncrrmental mcoders and 
rmlvns Sensorless b r u s h h  PM motora use some form of rotor pwtson detntlon 
scheme, such as oh- or computetlon t d m q u e  using stator quantrtles It 
noteworthy that dtfficulty eaats m ~mplementmq the rnsorlesa ad- m brushless 
Phl rynchronot~x mo~orr bccaarc ~ L r y  rnrloirr . l l r~~or t  r n n ~ i ~ ~ t ~ u , ~ r  zor~ l i tn~ i thln~q.tti~,lt. 
Thtls considerable clforls arc lhcisg lendc 1,s n o ~ s r ~ ~ l , ~ ~ r  o  ,nnrrl~c.rr l o  nn.rccm>r I h i r  
d~ffieolty. 
'L'he brushlcss P>l slator may also 1)- rlarrifircl it, l h n r  t y l ~ , r  [:I]: 111~ l irr l  ir 1111. 
sarhce mounts1 type where the magneta itrc 1,1nc<~I 011 1111. 5ctr6c.1. 01 111~. roto~.: 111,. 
second is l he  inlcrior magnet type is  which 1.11~ alagsvtr .IW I,~oricvl r i l h ~ r  t..~<li,~lly 181
cirel!mferentially inside the roror cow: the th in l  is tin. irtx.1 tgpv srl>t.n. 11,~ r,!;gcbl.lr 
are inrcl within thc rotor core. 
1.2 Review of Brushless PM Motor Drive Sys- 
tems 
Brushl~rs P41 rnolorr arc now asential i n  the rrlodenl rlrivt, lt.1.111111lo~y MmIt.r.tlt. 1.1 
high pcrrormnscr drive .y.~.ms are hcing ,lovisrcl vari,,llr kilslr 
These coittrallcrb include conventional Bxed gain typw, r u r l  ;as ~ ~ n ~ l r c ~ r l i ~ ~ r ~ ~ ~ l - i ~ ~ I ~ ~ I : r ~ : ~ l  
(PI), proportional-integral-deeiv~livc (PlD) ,or prntdr r -~ i~~r iv ;~ I , i i i~~r~~~~~ l l l l ;a  k (Pill'); 
adaptive controllers, such aa mod01 relcrcncc adaplivc cr,ntrnllt,r lMllA(:), rli<lir~f: 
mode controller ( S M C ) ,  variable struclnre  ont troller (VSC), e.ll l\tnir#g n~8l l i t lu r  
(STR); modern controllers, s~rch as arlificinl rlelrrxl sc.trvl,rk. [,wry Ihgic: ur  111~1r0. 
luzsy mntrollerr. A review of thc liternlureof Irntslllr~m I'M ~ ! ~ o l o i ~ l r i n ~ r  sitln v;triwlr 
type. ofcontmllcrs is given i n  the following rcdirrllr. 
1.2.1 Brushless PM motor motor drives with PI or PID 
controllers 
Researehers continue their efforts on the development of a highly efficient drtve system 
with the brushless PM dc motors W-[19]. An electronically cornmutated polyphase 
Fie 1 2: Control scheme of a brushless PM dc motot 
synchronous motor with aurfmmounted permanent magnet is known an the brushless 
PM dc motor. Fig. 1.2 shows a emtrol scheme for a bruahless PM dc drive. Since 
the induced ph- wltagea of the machine are trapezoidal in shape, it can be shown 
that a six-step line c u m t  in p b e  with the induced voltage will maintain a constant 
torque. A Hd-&ect or optical encoder properly aligned on the shaft with mpect 
to the poles gmeratea three phase 180" square pulses, whieh are shaped to six-rtep 
wavea by the decoder. The speed loop generates the current commaod signals. The 
current contml loops generate the voltage command, which is puke width modulated 
F~gure 1 3. Vector mntml scheme of a brushleas PM synchmnous motor 
(PWM) by a hsh  frequency c=mm wave 
Because of the s~mphwty of the rnachlne, the posd~on -8or m the contml elec 
tronxca & the brushlas PM dc dnve popular m ~ndustrlal motion control system 
H o w ,  the dnve has s pulaat~ng torque problem due to the rmsmatch of ~ r r e n t  
swkdung lustants and the &no back emf [%I, [21] Hmce, attentton a berng 
fomed on the vector contml of smnwtdally fed hmshleaa PM synchmnous motms 
In the dnn system cornpnstng hmshlem PM synchmnous motor, the knverter 
can synthea~ae sine vave hne nment Conquently, the pulsabng toque IS greatly 
reduced The &ect of armstun reactton m a surface munted PM motor bang 
negllgthle, the stator Nmnt phasor can be pos~troned orthogonal to the m a p t  Sux 
wlth the hel,, of e.poatt*on senam or ualng any senmrless dgonthm Tbs a essent~dly 
done by &or eoatml t h p w  whrch pmvrde m u n u m  amlahlc torque It la 
mdogou~ to the cane of s b p l e d  sepmately exated dc motor Fig 1 3 showa 
a closed loop speed contml scheme using such a v d o ~  contml t&qw Smce the 
w e n t  w e t  rotor pmdea the rur gap Sux, the stator doea not supply any 
reactlve Nrrent 
Mimy I<I.~L~c~II:~ castis,ie their r:florts on thu dev~loprncnt o l  a lhighly cfirieixl 
I'M sy~t r l~rono~~s !riator adrive p] - [38 ] .  L l ~ j o r  lpoit~tr or the works on brnshlcsa PA,! 
rysvhro!#oia !notors p2]-[a81 am briefly s~tinlnarlred bclos. 
(Illln;l~la nr~rl Sla!norl 1221 IIW pmposed a vrctor control slrafcgy o l  the I'LI 
r y i ~ r l tm~ to~~a  !n>otor in which pnil ion lcnlback control is rcl l ievd by sensing the 
rotcrr f,olition illlg~e llsillg a sensor 'TIC is pcrro.lned roc tllc torque 
;~>1,1 rolbll.i>tlt, lrowrr rnodcs, 113 order lo  obtain a stable ajrcralion, a is suggested 
1.0 n.rscra: tbc: damper sindiug il the drive system is operated by a voltage source 
igivc.rt,.r. 1.t.irmcit~r r l  nl. 1231 have can>parcd the lperlormanceof rynchmnour motors 
imrl itwl~lctiar motor3 incorporating microproo:rson. 'rltey lhrve proposed thc vector 
r o t~ lm l  5lrillrgy of ac rnotars in  a vyncl~roc~ously rotating fmme. Quadrature u i s  (q- 
 xi*) c.llrn.nt I h  hcen idonlif id as r control parameter up to the base speed and nltcr 
!hat ns nd~liliannl segative direct nxia (d-axis) current is nugge3tcd to  overcome the 
~ i ~ ~ ~ i ~ ~ t i ~ ~ ~  01 tllc nlnxilnllm tsrminal ~ 0 1 t ~ g ~  or the invertcr. : i ~ ~ ~ h ~ ~ i ~ ~ ~  rensars have 
I>C.IYI mn.it.d 10 ICLCCI. the rot07 position in  this scheme, A PM synchronous motor driw 
ry*lem will! rcgmcrntivc braking fenlums has been preswnted by Murly [XI. A lour 
~ ~ ~ ~ n c l n ~ ~ l  ope ratio^^ with fastar response characlcrist~cs Is obtained in  this work. Tho 
propcnvd tc:<,bsiqao dcn>onslrntes a PWM operation and regenerative braking netion 
susi~>p l.lw snnio innr tcr  circa it^, r\nalyticd expressions are derived and experimcnlal 
rrs\dtr are prmcnted lor both the opun loop and clared loop casos. The rpoed error 
il lrd t o n  PI  coutroller used in  the elowd loop mntml scheme which sets the current 
l i t t t i l  or l lw  I'WM circuit. Change of logic signals at the laraard/reverse input of the 
I<I'BOhl ;~~~los~at ica l ly  puts tllc motor first into the wgr~erative braking ti l l  the ~ e r o  
r l,<v~l ix ;atlnlnnc~l. and t l ~en  accelerater is the reverse direction and brings the motor 
to  Iln ramu rrbrence rpcrd ih? tlie opposite dirrrtion. bleshat and Pemn [25] have 
proposed a design philowphy lor n ~ ~ ~ i r m p r a r c ~ ~ s u r . l ~ ~ ~ s ~ ~ ~ l  ijlrrit<.r lor vn.tcrr mtbtnrl 
of the carrent. in the br!~rl!lcss Pbl r y t~ r l ~ rosu~a  8tnlur. I'hv opt ih~~t~rt, I ~ w ~ ~ G .  rott~rcd 
in, wl>icl d-&XIS current IS lorrcd la  rsro i s  .~pplicxl ill tllir IcIIc.~~~.. Il~.-sll,lllill~ 1111, 
phase ctrrrent is dnl!e lor any speed i h i  onlcr to  sblsis ILc. ril,l,lc.-rnv tonjmtv. Si~a.v 
lhc gcuernled cwrent in  cnch svitxiing laps tllc mmse~nd r~trrc.rlt. !la. plu>n, ;wtxIe. 
advancing tnethod is used to ovcrcontc 11tc prulrlc~,~~. I1ril>g liar lurcl i~r cc,io~ndlinl: 
technique, an adjustable *pwd control atralegy br as ish.rior pc.rtt>at~rst tm~txtn.~ 
( IPY)  ,ynchmnaus rnotor drive Itas been pmpobc~rl Ihy .Idbur cL ,,I. p1il. 11) lhir 
work, the basis 01 torque carltroi is as II'LI motor i.; acbivn.rl Iry I h r  ~uti(. l~ti~~itu> 
01 the stator plnnse excitation with rcspcct to t l ~ r  otor a! all litl~t.a. 'I'11t. III.C,I,OX<YI 
closed loop regulation o i  the motor pharr aurrc,str providrr; ;L tmtrulr .~<l3ic.villg 
inatantaneotrs toque control ail,h [I'M aynrhmr~onr stator. 
T ~ C  pcrrormasces 01 the drivel ry.t.oms l~ircll.rn~ .bas n.: c.r,.t~~~c.,,l rn,,,, LII 
point of view 01 output torquo. Ilowovcr, aillro thcgrin c",,sl.;l,,lr or tl,c 1'1 <<,,,ln,lb.rr 
are lixed i n  thou: schemcs, a wide rangc o l  vnrinblc s p ~ ~ a l  ~opc r r l i o~  is 8.A lerr*iblc~. 
Lloreowr, parameter variations or oxtrcme load c~nrarsiu~~s rlligltl. rnlibk~ 1111. driv,. 
system unstable. 
Kume and lwane [27] lhavc prmcnte$ n vc:ctor roulrol t~.rht.bl~it: or ;r 2.1 lroL: 
synchronous motor with a constant ~ a i n  PI controllc~r. 'This rc11r:slc. srvn*shtlly rql- 
crates the motor nt low speeds. Thc: psrlorn~anc.~ or 11,~: dria: sy.;t<:ts is ;lllvt~rn:ly 
allccted by the non-linearity 01 the lond rlue ro the 1ia.d 6;~is 1'1 l o~~ t .m l l ~~ r .  'I'IIv 
authors have suggested an adaptive s p d  conlrollcr to ovewome l.l~c> prublc~s~. I'ill.~y 
and Krishnan [28] have of i red n dotniled model involving itn;dy*is ;o#d ait~mrlnlioi~ 
of a drive system lor a vector contmllcd I'M aynrbronarr motor snht>lg 8% \lillr:.spi~ca: 
model. The driwsystern is dosigncd l o rn  l ixnl rpr~:d or 1750 rpril. ,\ I ' l l) lypc:rl~tv:,l 
~ , ~ ~ ~ ~ n , I l , ~ r  has hc:os uro<l ik, this work. Unnover, lhc performance 01 the drive has 
llllt b11c.11 rh~t r i~~~slcdfud 18w.r n wide railgo ol  sprrds. R~rl i~ermorc, the pcriormance 
GI tllo rlrivc *yrlc!n~ is pixrnir~cter rr,nritivc: lhcca8t.e of Lhc nrc of n PID rontrollcr. 
'Tl~e rrrrlc! nralbon 12'11 Ihavc pn:scnlacl anollier popci which deals with the design of 
rl,,.~lcl o,ntrollc,n lor r 1high.perforntasrc I'M rynchmnour motor drive. The nutham 
~ural 1.11~ lit~exr rnod<,l of lhc Pk l  ryncl>ronot~r motor to design lhe sped controller 
wl,irl, i 5  pyc.udo typr, A eomplctc. matrol ryrtrm with tilc P# mator is siml~lnted 
br n widc: rmy.  01 ~ ~ r n d  ~ ~ ~ r n t , i ~ n s .  It, i  vcl l  known lhal with a linear model, i t  
is w ry  clillic.atlt lo  prr*lict acr~mmtcly thc pcrformana: 01 the machine in real time, 
~p;irrin~l.rly ill low spc,crls. Burc i301 proposed a high performance inverter-fed IPbl 
syrlrhrono~mr tlotnr clrim nyslcm in  which nc lnsd loop lorguc control i s  implemented 
~v i l h  u reedhark torqnc: rrtimarion 'She contml strategy taka into account the effects 
slmt~~rat,ias, son.lisearity and temperature variations. The drive ryalem is designed 
lo  work i s  the conslant Ilorqac region as wcil as in  the eonst,anl power region where 
thr [lux weakcrning mclhod is u rd .  The perlormanee of the drive system has not 
1hcr.n invcstigaal lor varinhlc speeds. Pillay E L  al, 1311 have propoaed a digital signal 
ipn,rrxxor (DSI') h a d  hyrtcmin c~nnenl carltrol scheme which ip implemented using 
TMS :12lllil7/C17 and TiMS J20ElS/CL5 processors. For tho relatively slower rpecd 
c.cnll.rol loop, n PI mntmllcr i r  uaed la  obtain the peak valueof the current mmmand. 
I!xlrcrin~cnlal rcst~lls have illaslraled the eflmlivcnesn 01 the current controller. The 
rjn~:d responses at various operating conditions are not pmvided in  this work. bfoio- 
n n ~ .  using look-up lnble far gcncrating the reference currents mighl not be suitable 
su<Ic,r aiclc rang.-olopcraling condilions. Morimato rl  ol. 1321 haw  proposed a high 
pt~rbnunacc servo drive system of a salient pole PM synchronous motor wing the 
wrtor rontml twliniqae. I)et~mgnetiznlion and magnetic saturation are taken inlo 
account in this work. T i ~ c  PI  type r p n d  ron!roii~r is a*ni icr oi,~.tut Il,r g<..~k r.li~jt. af 
the rcleccncc current. Using n look-up table and tilis prsk vnlva~. the clvrin,tl OIPI N M X > I ~ I I ~  
phnrc angic of the carrent ia rlxown l o  ol>lritt ti,? t n a r i l n ~ n  torgut: wit lht,u~ taakilx 
the d-axis current zcro. l'hc rxperimuntnl rrsulln rlt<nv 11ls1, ~ h r  ptol~~al~cl &in. rys. 
tcm is ntorc cllicient lilnn thc coevcmtio~~nl m e  ~ l ~ c n .  titt: 81-.tris n.lvn~rtcl. VN~.<WII 
is set l o  .em. The same authors ['$:$I lh~ve ~prn;>o*vd osollx.r nvtor  ~ r~ l t l r o i  II.~II.III$, 
of a PM synchronous motor osltng thm: t ypn  of I:~CR.I,I p l ~ n r  ronlroi , ~ l ~ l ~ r o , ~ ~ ~ l t ~ ~ r .  
(a) ir = 0, (b) COJI = 1 and (c) constilsl llur-liskag. cx,~tlrui tclrrlloci. 'l'llr sl>l,l.cl 
controller used in  this schemc is again r PI typr, r\ bok-11jr rid,lr is 1usc.1 ~cr oi,~;~iu 1i1v 
reference currenls lor tho eonlrol schcns. i n  lhis \vurk, il i r  argta,rl I ~ I . L ~  i ~ i x i ~  tunlw: 
is achievable r i thaul  the pmblcrn of dcmilgnc~lia~tios lor t i tr i., = I1 1,ll.rrc votdml 
metl>od, but tho invcrter capacity nccda to  I>? incrunrc.ci lc , r  ;L s x l i ~ ~ ~ ~ l  o L .  tu~;~(lnist,. 
The card = I method gives I ns  lorquc par tmil current alal illix n,l~lta ic t  ss~~-lit~v.sr 
torque characteristics. Ilorcvor, this method III~Y I><: tlsvd 101 wtwtittml SI~I.I.CI $riv(. 
since the invcrter cnpneity need not bc "cry largo, The: rolwlil!~l lltrx linkagr cosl.n~l 
nppmach is suilablo lor an IPM synchronous !motor bcrnwr: i t  pnai<irs ;dlscml l istrs 
torque characteristics and the required invcrtcr rapacity is rlnnll. A l thn~tg l~ sli~gtr.tir. 
saturation or demagnetizing ellects arc n>inin>ir*ul in  this work I,y 1111, l~lar;l rc,t,lnll 
tecllnique, the problem of thc nrlvcrre cllccts of 1.Lc r~ns- l i r~~nr i ly  l r l ~ u s ~ ~ n . ~ l i r ~ ; ~ i ~ l ~ ~  
load excursions remains skill l o  he solwl .  
M m t  of the works di~cussed so far on lho PM rynchrom~rr motor r l r i a  ibn. 1,;~c.rI 
on the veclor control technique of s rpwd mngc u;r lo  LIE I,w v;d~sc:. IC,n~rrc.lr,rs 
1341-1381 are also working on the PM sytrcl!rottolts rnotnr drivc whirl# van ol,c,r~lc. rlu,a. 
lhc base sprd.  Generally t,he Rcld wcakcning tcvhniq~~e ir applivd Inr c~xlc~!~~l is l :  Ihr. 
speed range of the Pbl motors. 
Ilnrc nut4 Szcrwr~y (:I411 hnvc so~knd on n mlcropioccssor based control of nn inte- 
rior lyrm I'M syr#~.hrono>lr rnutor. T h ~ s  drivesystem ~ncludrs a constant torque reglon 
xv~lli Ichv rgcr~d opernliou ;vld field wcukcning constant pmvcr region at high speells. 
'I'III: ~ l r iva ryl;lc:~n is dnigsed wilh ono outer tarquc control loop lor specific npplirn- 
tioss like alr,clric a:hicle propalsion. Ocncral application is not p o ~ i b l e  with sacli 
;I rlriw drivo risc.~? tlbc pmition and rpccd control loops arc absent. Conlidoring the 
r.~~llr i~iotl a C I ~ ~ ~ . ~ ~ ~  ~ , ~ ~ t . t ~ ~ ,  .IUI,S jab] hb5 pmposcda vector ma tew  
c r f  1111. flux wr,nkenir~g olrrntion lor tllo II'M rynchronous motor drivc system over 
~,xtt,sdr.<l rpr rd  rangc. In lhir llau weakening method, direct u i a  rotor current 
is ohl~inocl rnm tltc nvnilal,lu phase currents of the motor m d  the d-axis relcrence 
~ l > r r n ~ t ,  l'he error is paswcl through R PI ~onlroller. Morimoto el el. (313) have pro- 
1x>w~1 r contml rchcmc asisg a flrx-wcakming approaclt to run the PlCl 
rttotnr # n b o ~  l l le bnse speed. Closed loop ronlral for direct axis stator current in  
l h r  rolnr nclcrrrice frame in used la  oppose tho main flux produced by the PM mlor. 
'l'hc ~ollerts of Ipamsletcr cl>ungn are studied. Bile$vski el "1. 1371 have inwtignled 
a n,,~lrol rlratcgy of the I'M synchronoas malor above the base speed using the field 
weilkesieg Icebniq!~~. A Ihnx observer based rtrntegy is propo~ed to maintain syn- 
?hronisrn. r\s IPW rnnrhine is suggested for this kind of operation. Thc system ha. 
hcnt rmlhcd is  rral lilinle. Ilowevrc. there is s limitation on the operating range o l  
lhe $rive. Uarirnoto PI 01. 1381 have proposed a field weakening technique for the PM 
xy~~r l~rosoar  #molar by considering the ellect of magnetic saturation. I\ cornpenrating 
trc.llsique based on thc cnlculaled ~ l u e o f  L, from the detected qax i r  current is used 
in Illis c.wmtrnl rlmlegy. 'The d-axis currcnl command is generated with the ealeulated 
L,, lo lnullify tllc f l lc~ l .  of ratnration. 
Is 11lcsu work8 on the field tvcakening technique, the effects of parameter variations 
llile l o  noise, tcmpernlarc, elc. arc tlat ronrirlrml. Llonrm,r. 1111. la1.1rr1r1t.r I., it8 1Ito 
hct~s l~ lcs~ I'XI s y r ~ c h ~ o ~ ~ o ~ ~ s  rnotoc tt~l>ctl~13 " 1 the l k > , ~ ~ i  , ~ l~ t~ l i~~~ l  IS, t lw d r w  s?s$a.m, 
'This cITwL is also $not ~nken i l l to r r n n ~ t ~ .  'I'hrirbrr. 1111. ~ l r i r r  ystrolr I I I : , ~  st1lh.r 
rmm thr prohlcm of instability tnnlrrs ronw nclalllin. w l a . ~ ~  is iitmrllonl~l.ll. 
The conventianal P I  mcl PID ro!~tinlln.s Ihr\r, 1lcr.s ~ txc~ l  in  Ila. I , t~~r l# l tv r  1'11
rllror>oi~r motor drive. Ilowrvcr, tltcscc.c~nlmlh~ru , ~ n r c ~ ~ s i l i r r  1c1 ~p;>l;l~tr,~c.r v ~ri;>lion* 
and load dirtarhmccr. 'TI. pcrfann;~ncu vwicr ~ ~ ~ i f l ~  ol~.re!ilig ~..tetlitiottx, .III~ it ix 
rlillicult l o  tulle lhc controller gain both us.lier and oClit>r. Inrnsn.cl ~>n,~l~a.rir i !y 
nnd improved product quality clcmand l-t r~.spona. a i ~ l  a l , a r i l t l l l ~~ r r - i s~ t~~~~ i~ i \ ~ l ~  n,. 
ba i t  dr iw system. The conventiorlnl l inlar ~.or~tn>l t ~ c l ~ t ~ i ~ l u ~ .  rile 110 lot~gvr ~ .~ t . i d y  
the stringon1 mquircmentn placed on Iligh-p<.rfon~~a~t,<; d r iw  ;qrplic~alir~~~s. 'l'i~vn.fcm.. 
tlnere lliu been mccnt intcrcrt i n  applying nlnclcrlt rantrnl ~l,+.uric.r to ~lrivc. ryrt~.,rtr. 
'The availability of relalively incrpenrivc n l ~d  powcr l~~l  digit;~l ri&n;d ~prc~c.~~r;rom 11;~s 
sti~nulalrrl increased interclt in  applying nclnlllivc o r ~ ~ ~ . m i l c ~ n  to c,lc,clrir ~nlcslor ( I r i s  
systems. 
1.2.2 Brushless PM motor drives with adaptive controllers 
I" raent years, researchers hawe hren rocurisg tls!ir ilt~cllllil,ll 1111 LI: iqll,ii(.i~tillll ~r 
hrurhleaa PM motors in  high-pcrforrna~>ce drive syrlwxa. ma.b ali n,l,olicr, s#ttr l~i$r,- 
twls, aem-space actuations and nato-motivcs with ~<lnplive c.os1rollt.m wl#ic.l# ~ua! 
prccisc control technique. to ;lchien fast lrnnsicnt nsposrc,, lmr;~rnc!ter itaer~r~tivi ly 
and high adaplnhility l o  "an-linear load vnrinlioer. 
In a model rcfecencc nd~pt ivo curltrol (Ll l lAC) 1c:clinhluc~. 1 . 1~  n.*la,sr. is L,rr<,,l 
lo  track rllc outp~l l  o f  a rclrrcnce model irrcspwliw u l  1,be ,lrivr p;~ritr!w.t#,r vi~ri i l- 
lions. An MRAC syslcrn wilh a P I  co~~troller is lhaod on ns on.Iine %:awl, $ l rnc,~y 
'l'be ,rriii,,lctcr~ of thv 1'1 controllor mn he ndnptcd to  compensate lor the system 
prr;or~c?tc!r varial,iot~a ro lllirt tllc syrtcm tracks tltc relerenco model. The controller 
[mfihmol<?r* ;rn: unrifxl Iby ~ r h l  and crror ro Lhut the error betwen actual and desired 
rcapot~w rnnaninn hrltrndod wilhin a Ilystercsis hand. The rclcreneo model i s  deter- 
,,>incr~ tllo I,U~S or pnr.mctc. 01 the drive -cystcm - thst tho eontra~ 
loop cilll l,~lylirn~~y trrlck LI,C rvrerescc CI,O~ =i. 139) have proposed a vcc. 
tor r.ol>lrol ~ra<ilios ervo o i  l l tc lbrurl~lc~s FY syncllronour motor using the .MI<AC. 
'TI!.. i!mrler Ihop ir 1111: 1'1 contmllcr and tlm otlter loop i s  thc bIRAC. This generates 
c l i ~ r o s t i s ~ ~ o ~ ~ r  c t trnl ihllruls whici~ cause chattering. Rut this chattering is 
rolspc?!llit~lcd Ihy 118. ~lrady-stale rror gait, componcnl or the PI  controller. 
Ilr~smahcrs HOJ-kIR] lhave rcported the application of sliding mode cor~trol (SWC) 
trr v;siidllr structure enttlml (VSC) is  synchronous mol,or drive systems. I n  the SYC, 
tlm drivc: is lorcod lo  lollow r prrdclincd trsjwtory in  the pllare plnne irrupective of 
clriv~: 1,nrnnlelcr vnriatiass. 'I'hir in ach iev~l  by n set of switching contml schcmer. 
N;unudati and Sen la101 lnnvc pmpored an adaptive contralkr baed rliding mode ap. 
~pmadn lor tho vcctor control operation of a synchronous motor. The drive system 
~.omlrrirm n pl~rsc mntrolled chopper and a GTO inverter to provide llte torquecom- 
~cn1(?111 cltrra111, The complcro schenle is proposed lor a position servo drive. Control 
<.quntiona :&re derived for the SMC in order to oblaln parameter and load torque dir- 
I?lrbanrc inse~~rit ivl ly. Cnnsoli nnrl ,\ntonio 1111 have presented the simulation of a 
%r,rtor n.lacme of urn IPM synchrono~m rnotor over the base speed employing the field 
wcakctning lecltnique and sliding rnodc rcgulalor for the torque contml. Sliding mode 
r t r a l qy  ia ~ l~~ve lopa l  ~nnthematically tJi-.( into account the effect of constant accel- 
c.nlicm. ~1>11*1artt S IBCC~ anti constant decclcmlion. The chaltcring pmblem is reduced 
1,). ros~idcriag tbc rltnnging band-width. Using PM syaclaonour motor in  brurhless 
dc ,motor operation, ill, adnptirc ron~ro l  SCIICIIIC lhss ICI pnipt~.itv1 by ('II 1.1 01. 
1.121. This scheme ura su imp ro~n l  rariablc~ rtral-tun. m~t t ru l  (VSV) ilpprcr,rl> imtl,,- 
gralcd with a sliding ~nodc obsermr to es.prrnm. l h r  pn,hlt,tlls the. r.~,tn.c.t~liot,.tl 
VSC, s!~clt as rcachins problem, cltatl~~citxg ~~~~~1 tc~~~al?-s t t~ ! t~  <,rrcn clt!c, t ~ )  the, Ii>nilt, 
nwitching. Ghribi rud 1.c-llsy [I:l] hnvc propar,d e srl>vor>c. nf v;tri;nl,lc. r;l,l.tvi I'll 
synchmnour motor drirn wllich cnml,ir~~s f\vo r.ut~tmll~~n: IIII. lirrt is ,la. rlll,l,cl 0,. 
lroller inserled in  the oalet-loop: mil tltc sccnt~rl is 11s~ rlrrnmt mstmll~.r ~vl~s~.lt is 
inserted in  the inncr loop. T l terped contrullrr for t.hislirl~t.n~c. lhir 11lr r.h;~rnr.!c.rirc~~.$ 
of the reference modd and opt i tn t~~n speed co~tlrollc~r. 'l'lr rltrn.ilt ro#ttrc>ll~r ir rll~. 
prediclive type which is !used to ohlain tltc in~provr,cl nrh~lst 11c.rs ilgilizllt arty CII~IB~II 
in  the rystcm paramrler. 
Thcrc are nonw othcr typcs of adaptive rot~lnrllpr drivc,. n.portvcl whil-ln .LW I,-uI 
on self-tuning dapliue control techr~iqtre~ 1.1'11, kl61. h Ilw.rc: r ~ ~ ~ ~ l l ~ ~ ~ l l s ,  111  (.O~~I.~C~IIPI 
parameters are tuned lo  ndapt to l l tc clrivc pnrrrncl.rr variat.iotn~. 'I'hc. iclc.~it.iliri~li~,tt 
block tracks the cllangm is  system pnralautcrs. Tllr infunl>;ltiolt is I I ~ X : ~  LO t r ~> r l ~~ t v  1 1 ~ ~  
contmllcr parameters lhrougll Lhceontrollcr aclaplatios Ingt~itr;~slt~c it c l ~ i n r l  vlou.~l. 
loop performance. Sepc and Laog [+I] have? ],ropon?rl a,, .alapliv~~rpsr~cl orll.n,llvr br 
the PM rynchronour motor drivesystem which is very similar I c ,  l l ~ e  rc.ll-t,o!~illg n.nll- 
Intor. 11 cslimates the mechanical parnmelors or thc! nnlor. 'l'la. ~ " i l i ~ ~ ~ i ~ t i ~ , ~ ~  is I~:~sI,II 
on the fact lhat the pmposed algorilhtn rrrleaigr~a lhe p i n  nl lla: ~.n!ttn~llt~r it, n.itl 
lime. Theinner loopollhe drivc.yrtenl consirlr ofthc? tselcrr, i r~wr l r r ,  clzrn,r~l, rfrtr:,l 
controller and stat~fi l ter. The slowcr oortcr loop cotlrisls <of 1.111, p;~r;trnc,lc,r c.+li~ni~l.ur 
and the control algorithm for tho conlrallc!r. It, ;am nchplin! ..sslnll rrllc.t~tc.. 15trlas8l~l 
and Ghnndkly 1451 haw clewlopod as 0~1itniirnI discrot<: %#!lf.Ll>!#i~!& rt:&uli l l~r lly 11%- 
ing generalized control rtructurc. The r ~ t l l a r r  haw lltrt<,d tint: n+lalator prrrn,,.l~.r* 
Ihy r~~in in~ iz i r#g r slc.rcly-stale rluadratic criterion. One advanrage of this algorithm 
i$ r h ~ t  hy spr~:ilying ortly tlne onlcr or rtnrctaro, the cxisting fixed paramctcr or the 
l ixc~ l  rtn., , ontmllm can ha t~lnod. 
A roriolrs rlrnwbark of the nrlaptive controllers ir the comptttationsl burden w- 
rlllircrl Tor the real tinkc pnnmrtcr idcnlilicntion. 'Tho other problem is the sensitivity 
,,r tilc ?iy3tt:ln to rlulncricxi prrrision: .,d llle ohserv~tilln noise which tendr to 
~ut~clc,siralrly e* l l le n a m h ~ r  of t l i r  sybtnm rtatc variables incrcare. In addition, most 
of I.ll<: ;lclal,liw! cot~lmllcrr hnvc the prohlems of ieaching, chattering and steady state 
~rrors  rluo 10 tllu finite switching. 
1.2.3 Brushless PM motor drives with artificial intelligence 
controllers 
'I'hr rontml nl8yslems with tunknown and/or nonlinrsr dynamics, rnch as tho bnmh- 
Ihrr rynrhror>ous motor clrive, presents real challenges. Over the last t\vo decades. 
ros.rirlrr.thlc cllorla lhave hccn made is developing self-optimizing and adaptive ms- 
trollers for systems with tluknown paranleters and nonlinearities. The basic idea was 
~nurtsally to estimate the parameters of a lincarircd model or the system and to ,USE 
Ihc tnodel lor updating thr parameters of tho contmller. Recent solutions for lin- 
car time: invariant nynlems with anknown parameter variations inwlve the reedback 
lisu.rrizntion tucLniquc i n  combination with other mu l l s  of the adaptive nonlinear 
coslrol thmry. But otle of  the main rocxising points orthis rosearch waa to deal with 
li~!citr variations of unknown prrameters l o  known nonlisearitios. 
Ntrarrl Networks on tl lc other llnnd do nal need any infmrmation about the syr- 
lvsl !>oslisrarilie~. Currently significant eflorts are being made on the use of artificial 
intclligourc in  motor control tecllnology [13j-1151, 1461-1621, hrtificiai intelligence in- 
vo1l.e~ programming a cotnpulo. ro l l ral il car8 slirnir larra.rn tlrinkit~g. !.lir(,b,iling 
thr inhercnt non.iinear input and onjrpul rt~;~ppisg pnq,,.ny or tla. artilirial I ~ ~ ~ ~ ~ ; , I  
netrvoiks (ANNr),  some mnlmllers nw I h r i s~  clraiglied atal ibltlllcn>nltnI ill clr tll,,cer 
drive systcms with lllc aim of ahvevi~tg llir cl!;lrrrlrrirlirr of achptiur ~ \ndro l l~~n.  
150)-[bJ]. Since human thiukitlg ia n l t ~ n  911alitidi%~. in\.olring ikiv.w, r u~ . i ~  ;IS "i.ll~g~~c.". 
"rmni17 or "rncdium". hwny logic innd fimv 1.1 t11~1)rit-x Ihilv~ iai.i~ III.I~II d ~ . ~ . l ~ , ~ ~ ~ . ~ l  
for computers to qualify and objectit~cly evalut~tc lia, n s b j ~ ~ ~ t i a .  i~tnbigtcity <of ihntwi~r? 
thinking. These days some work on lhc dc nmntc~r cvl~troi is 11x0 I,c,illg rnsrilyl nlL~ 
#!sing the fwzy control nppmach [jill, F61. 
Although some rescsrch 156)-1611 hils alreiuly 1 n ~ t  riorird out taisl: ,\NN ~.~.rll. 
niquw on the control of induction motors, rrscnrchrra havt; jlal, r t t s l c~ l  La.urigg 1.1ic.ir 
attention on the use of ncllral net!vork [I3]-[Ib) or ftrmy logic. [li'] ill 1hnlrIMc.s~ I'M 
nlotoi drive syatcms. 
Ellharkawi and Ei.Snyerl 113) havc propwerl il ncaral t~rlwcrrk Ixaerl 1r111111.1~1 01 
the brtahless dc motor. In lhir work, a malti-laycr ANN ~nslrolic.r is irt~l,lt~~lll.llllyl 
incorporating a model rcfereno: adnplivc conlrallcr. The! inp~1.r of tlr. ANN ;an 1i8r 
cntirnnled spad from lhc relccencc madcl and t i n ~ r  c.osx<v:i>livr. si~anplt. of i~~l.t$,d 
speeds. r\ hnck-propagation algorithm ir ~uaed to lrain ISs selwr,rk. l'llis svcrrk is 
bas4 on the olFline trnined ANN slruclurc. I)ae to l i la al>xr.rmrr. c r l  the. prnvirio~t c>f 
on-line tuning of weight. and biaw. thewccd control is  nu1 "cry pn~.irr :,11,1 I.~IIII mi01 
wry useful lor difemnl conditions particularly in ruts ollcmcl ~.hnnp.v, cl isl~~rl i i~,lws 
and parameter ~ ~ i ~ t i ~ n ~ .  I" the work or bllls~i~e~ ,I. lI~~~~l,r ~ I I Y I .  ily III,,II~. 
.I CI. 11.11, a fuzzy intcirerenccr is W~LI, PI c,,,,~co~I,:~ I,,tase 11,~: PL~,, ,,r 1.1,~. 
conlrollcr to overcame the dirlurhanccs from ionrl ihortin, m~~r . l~ i~ t~ i t : ;~ l  vihrilticrt~ nld 
time delays inride the control. Tlw memhenl,ip k s d i h r  nn! p!st:mlcri (iosu 1.111. 
.a:tn~sl r~,~:~:d, n:fcrcno: rl~acrl knd lmm the output a l  a rcfcrence liller. The nerw 
zlrivv i y  irnplcrneslcrl (using IISP-I\USI"ZIOI. Incorporation of additional iefercncc 
g<::el,t.mtcrr, cr1,u:rvcr rind s r r q  irherk.rcncor wiih two P I  cantrollcir makes r h e r y ~ ~ e m  
,:urnplax from lho computrtlonal point n l  view. Sincc l i lrry logics used in  lllis work 
an: llr~vt:loprd Iby experience nnd trial and error, thc design pmccdareof thc complcte 
rysl,.rn Ihc.rooler so~ncwl>nt litnc.cosst~ming and m~rnbcrsomc. In  spite o l  the above 
I,NL*, r.xpr.rinlellt,ll resrlt? conlirm the optimum rnpansc alter rvern l  nalo-t,lning 
ralctnlations oven r f l r r  thcocr~~rrenccofan ~tnstahlostate. Rmn i l y  Shigou rl a!. [Is] 
htkve pmpurc<l an oZlino trniscd ANN bared digital mntrol 01 a hrttrhless dc servo 
,motor clrive ?iyrl.m ~ i l h  an analog speed eontmllei i n  order to ahtain better servo 
prrforrnmccr. l l ~ l h ~ r  Lhxt~ looking inlo lhe prrcise r ~ m d  control approach, this work 
fcasrmo~, lhc t r ~ i n i ng  iaallcollhe ANN to he ,US,+ in  the servo syslem. Kovlcic e l  nL 
(fi21 Lavc pmpo%ni an ndnptivcconlml approach on lhc model reference baed control 
e l  the lhr~~rl~less I'M rynchronaus molar. Thc adnpldion praccrs is performed by a 
hazy logic adaptation ~ncehanisrn. In tho control system, system output consists of 
rc,h~~,scc i ~ p u t ,  fecdbnck oulput and Buzy adapted output. The inputs of the fuzzy 
.al;tplr? are lhe error bctwrrn lhe YRAC controller's output and the system output 
nnfl the change is  error belween the previous and currenl samples. In this work, 
l h r  clc~~~clopod c tbtml algorithm is based on a linearized model of the hrus l~ lnr  P41 
ryiocl~rut~oi~s motor. 'She simxtlation results verily the eflcctivencss of the developed 
algorithm for parameter mvintiona of this linearized system. The algorithm may not 
Ihr rt~ilnhlc fur nae-linear load characteristics. Plormver. the reference model used 
i t i  lhix nark is motor pnrrtnetcr rlrpendost. 'Phcrrfare, unavnil-bility of the accurate 
vnlltc? of thc lmotor pammctm may iead lo  an unslnble operation of the system for 
~uitknc>wia I Y S ~ C ~  behaviors. 
&om the r bow  disctssios i t  r a ~ ,  lhr roncltnlrd that tI>c~c, ~vri*ls s l ~ t o~ l v r~ t  tnmll 
or r~renreh nctiritics on the rppli<a!iuer or \ Y E  .~nd rtvczy logic ill .IC I I ~ ~ N ~ ~ ~  l r t n .  
ry=temn. Altboagl romc mrarch bar I,cvtt rorried out ~s LIII. lh i t~>hl t .~  1'11 ,I,- lln,~,,l 
control using ncaml network [13\, [la], a ~yslc.,lmtic n*;<wrll IOII lhr nr.!ur ~ ~ t t n , l  ,of 
n hru.hlcs3 PM synchronoaa nnolor \aieg tat, .\NN n ~ t l a i t ~ r  a ~ ~ ~ r p l n r n l .  I lvn~.~~vl t  .is- 
rocintcd with these kinds or$r iv r~ ,lcsln.dr r;pruial a!ll~8ltios cltnl !,, I I,$. r,.1 I 1h;~1 .yl, 
rhronhation and low speed opcrntio<t u l  ~ l l e  isicrior typr I rna l~ l~~xs I'hl rgt,, ltnltlllur 
motor ir considered a major problrnn [IO]. 'l'lr.rc.lo~c., i~ ruwcxqhml .)llllllr.llll~ll 1 ~ 1  
l l ~ e  artificial neural network it! the vc.tor r o ~ ~ t r o l  or ill, i ~ ~ l . ~ ~ r o r - i y p ~ ~  Ihn*ltit r~ 1'11 
synchronous motor is a challrnge. 
1.3 Problem Identification and Purpose of the 
Work 
Aiter brief examinations, il is lair lo ray tl>ilt lltc hrtisltk.rs I'hl SY~I<~IIIIIIOIII I~IVIW 
is one or the must efficient rnolors in rr drive lrrl>nolopy. 
~ s t e r  mponse, quicker rccovcry sprnl rrolll any t l i r ~ ~ t r l , i ~ ~ ~ . r ~  .l~l~Ii ~ . r ~ ~ i ~ i ~ .  
i ty to parameter variations art. or t~,. ,,laill C ~ I ~ ~ . I ~ L  or I,~CII lx.rrc,rllli,ll~~. II~~YI. 
systems used i n  robotics, rol l~ng mills. rnacltirae leolr, r.lr.. I'>l ti,: :~sut<,rr. ivill* ~llc, 
feat~re of the armature valtagc control, play iun imlrorrixcnt ndt. ill tllc~u: lhip,la 1,c.i.- 
formance drive applications. Ecluivide!~l perfon~lnn~~c c-l#;~rnc.t,?rirlil.r 01 ;t n,pi~n~l,,ly 
de matnr can he rmsl !I,. I,~.I,C,V I'M 9y,lr~lrollolly llll.~l.r ir ,I,,. 
clo$ed loop vector control rchme is <neployod. '7'11~ hnl~lti,.~r I'M r y o ~ ~ l ~ n , ~ ~ ~ ~ ~ ~  mrrl,,r 
drive ryslem involving thc vrclor ~:or#trol srl~amr? !lot cruly ~lvlolrplt.s 111,: l t , n l ~  ;m1 
flux which provider faster response btrt also rnrkcs 11.: rcr~lln,l task c!xry. 'l'l~v rlrt,t.cl 
-ostn,llvr ~ r u r l  is IIN: I ~ n ~ r L l ~ ~ ~ s  I'AI ryr~rhnmotts motor diirc system plays as impor. 
!.az!, mlt, i l l  rm~r.t,sg t I~est l , t~r  rriwrin of the lligh porformnnce rnotoi drive. I t  should 
~,l~rl, l<, f.111. driw. 10 Tollow illby rr,f<.n,r>ce .pe,d !&king in la  nccounl lllo eltrrts of load 
il,,~'"<.,. ,atl,idb,,, 9y.,t.s, ~ii\Ll,,I~a"l:n a14 pnnnlcrcr ,nrInt,ons, h r  disc .sscd in 
1.11t. l i r r r 8~ l 1 !~  rcvil.w, <o~ta:rntic,rmrl co~ilmllc.rs. rurh as proportional-islc&ral (1'1) or 
~ ~ r n l , o r l i o r ~ ; ~ l - i ~ ~ ~ ~ ~ g r a I . ~ I ~ ~ ~ i i i i ~ t i ~ ~ ~  (I'll)) lhna. l ~ ~ ~ n ~  riclely turrcl i  bnlh dc and nc molnr 
vort!n,ls. 13811 li~c,~: l y ~ m  of ruslrollcrs are d!l l ic~il l  to cicrign il an accurnlc ryslenl 
rtlr~sl<.l i* tt01 av;bilithle. ilnrcuw~r. ~lnkso~un load dynamirr and alher faclors. such 
;a rlol.;<:, tx.tt(g~.mt!~rc? r;darnlio~l alfcrt ?he prrlorrnnncc o f  lllcve coslrollcrs br 
;I sv~~lc: nngo 01 rpcr.d ~ p ~ ~ n t i e ~ s .  l lr ir l iug adaplive ronlroilcrr, s~adi as lllu model 
r r ~ l r ~ n ~ ~ t n ~ a ~ l i ~ p l i v r  cnr lmile  (Allli\C), rliriisg rnorlcmnlrallcr (SYC), varial,le struc. 
t~lrc: i<,o~lroller (VSC) srxl rolf tuning rrpulnlor (STR) arc inrolvcd in n systctn with 
iilrst: I ~ ~ ~ ~ ~ ~ ~ c ~  ~r I ~ ~ ~ o . ~ ~  PilllmterJ. ;,drlition. tllesc typrs oontro~~ers are 
.3ly I,;ls,rl on ryrlcrn tnodri parnmrt~rs. llnlce. asi~vnilability o f  the ncctlratr s y r t ~ m  
111crlc.1 ollcw lends l o  a c.usBrnin~~ie design npproncll for l h w  coulrallcrs. 
N<nu-6,-dayr, ii!crca*msg in lern l  has I ~ P c ~  smn on l l te  ~ U S C  of artificial ne111a1 net- 
wvorks is systc,an modelisg and conlrol .~pplirntio~~s. In lliglt perlarmnncc drive (HPD)  
,~pplirationr nusing I'M   no tors. the h N X  ran plqv a key role i n  system idcntilicatian 
.and slrc~.rl control. Ther~forc, is  this stu<ly m ellor1 is directed at developing a prac- 
l iral ;xr~<I rtwy In  irt?pic!ncnt P11 motor cliivc ryrlcm irtcorparntir!g m artificial neural 
llrlwork lrnrrd rl,rrd rontmller. 
'l'ltr slain Calitrc of lhis study is thuellicicnl integration of  the ANN with the 
VITIOI (.*inlroI s~ l l ~~xnc  or ;L b r ~ ~ ~ l ~ i a s  PM %~IICI~~~OUI rnolor which provids ltighesl 
Iorclbnc. *ci lr i l ir i lp I low~vcr. belorn ~procecding \vilh the complcx control of ac motors 
\villn l lw arliliri.1 mawml !nctr\urk, an attrrnpt is ,made to  implemcnt a high perfor- 
inanee 1'51 dc motor drive ryrtcmn \\,itit l l tr :\SR. h ~uilkla~. fc.ao~a. oIo~t.iist. ~ ~ ~ . i p l ~ t ~  
and lhibi~s ~updiltitig is also 1prooo~t.d br botlr 1'11 .~nt l  a< ~ ~ ~ ~ c I I ~ I I ~ o ~ ~ s  1110101 
drivca. This uprlaling Irrture !not  sly nlakrs lllr ~ l r i n ,  ryrlvcn ilac.~mritiw I,, I ~ ~ ~ I . ~ ~ ~ ~ .  
elrr rarintiona bat nlbo proviclrr; rm~,l lrnt tr.%~.ki!np ICrr:~r!rrirt irr t o  1111. ~..Ii.l.,.$~w 
"'p"1S. 
i n  this stately, s y s ~ ~ ~ m t i ~  ~n~a t l a ru~a~ i r~ l  r ~ ~ ~ ~ ~ ~ l ~ ~ ~ i ~ ~ ~ , ~  .mf. ,~ .,IY .CI 138,ht,l ,,,, II,{. 
inverse dynamics of tile molor morlc~ls Inr l h r  a.car;llt. r lv~ ip :  of l l ~ c .  ,\NN r l~oiv l~~ws.  
Tinesc guarantee lhc cx;irt ryslctn ikIem~l.ilicaliotl ;wd p n ~ i ~ ~  xlll.lrl lo#~lrol ,,i IvLI 
t~lutor%. Experirnunlal vcriRcalion of l lw A N 8  ro!tlrdlc,r 1hiin.d ~lrivc, sysl*.nr b,r 
hollt PM dc and brusl~icsr I'M syt~cI~ro~:~tm t1101om liav~, ,bl?io bcvrl vi~rit.11 ,1111 I.~~I.GIII~~I 
hardware implcmentntion. 
'The aullinc of the remaining r11;~pto.r~ af ~,llis I ihcsis is .r* b,llowr: 
'rbc currvn~ costroiicr is to hc .r3r: or 111,. ,,,.,ill II.L.~X ,r .Illy VI1~.~l,l 
colltro~ .chrmc or , I ~ ~ v ~ ~ .  'nbol,crrornlaln.l or LI,~! l,nrl,crn.,~ I ~ ~ ~ I ~ ~ . ~ ~ ~  vllrn..~. 
conlroilcr for the riiire systcnl have lbccr~ rl~rclicrl i s  ch,~plc,r 2. ,\r 1p;~rl. 111 ilia. ivtar- 
ligalion, a vcetor control schcmo of tllc hrarl~lclrs I'M r y ~ ~ ~ ~ h r o s c r ~ s  twolcrr 11.u l,cvs 
tisigned and crperin~cntnlly ir~~plcrnentrcl Iby int,:gr:tlir~g a ~~~rsvn~t ios;d ~lx<~ti~l~.t.yj~,. 
spcod wntroller r i l h  tile l,ystereal. currota1 coz>lrolic,r. 'Tllcu ~ : v i ~ l ~ ~ i ~ l . t ~ l  ~pc.rA>rtni~r~v~.~ 
of the hrusi>lcsr PM synchronaua motor drivc: %yr tc~n ihi~vt: 1rcr.n ~pn.r.sdc.d ill this 
chapter. 
Artificial neural nctivorks pmparcrl for this work ;rrc 1.18~ k~r l .k~nv;~nl  18c.11rrl 1tr.1- 
work (FFNN) and recurrcnl network lylru. Gc!1r~.4 sLrl1r1lln.r ol ANN* will8 ia.1.i 
vation $nclions are describerl briefly in chnpirr :I. 'l'llr I ~;~isirng ia lgr r i l l~r~~ pn,lls~wl 
for lhc ANN is bared ou tllc modilied bu:k.proprgi~l~crtt aplm~rclt. A!, c*tll.iitr! ttI 
the lrniningalgorithrn escd br holh ll~: it~itiuii set of wiv,llts ntlri l>i;~n- ~ s ~ c l  cr88 i i s l  
8tlrrlitlir~ is ;d%o pnnr:ol~rl in  tllir chapvr. 
'I'III vvr:tor osl ml a.lt,.rno of n hnlrlllr<r I'M $ysrlonn~o~ss nloror n f r n  nl~~ivalcrlt 
,rrrntrol rI~.~r.n tr.rirtics of n 5r:pnratcly r,xrited ~ l c  slotor. Ilcsce. hrforc nclsn~~eing 
r i r l ,  111,. prnprr;c~rl ANS har,l lbr~lrltlclrr I'M ry!#el~ml~ollr aotnr, nn irnplcln,ntntinn 
of tla: ,\NN nrr~lrollrr is crrrirxl out on n labornlory P11 dc rnolor drivo. IDclnils of 
rIc*iprl .IIII~ i~~lpl<.tr~on>timti<~r~ of  1111. prop01cd I\NN cotlt~olbr for the PI1 dr rnolar La\,e 
1a.r.n ~pn,,,.~dc.,l i. cllrptor ,I. 'I'lw vnlirlity of thr .ANN conliollcr on 1'41 dc motor 
*,~~rottriqcw to r r r ry  r m  nsaarl.l on thr Pc.rign and irnplcrncntation or tllc proporcrl 
ANS I,i~vrl rrla,mo for l l lc hrtaltlrss I'M ~ y r ~ c l ~ r o ~ ~ o u s  naolor. 
('l~iq,tc.r 5 of ll~c. t l ~ t l i s  cortlai!~s the design of an innovative r\KN r l n r l a re  urcd 
rclr 1111. vrl.lnr lrllltnl~ LIC I ~ ~ C S I ~ I C S ~  1'14 qy.chronnl. motor scforc I ~ I , ~ ~ ~ ~ ~ ~ ~  
~I,~~,IC.I,II.I,I.;L~~~~~. LIC. ~o.p~ete hc~leme I,.= hccn rucccssrully simu~a~ed lo prn~ict tlie 
l,l.rronlli,sn.s IIV l,rol,urrr~ .IC~VC ryatun. l'he rilnu~ntion porrorlnancu or tllc .\SN 
I,;r*r<l I,nlsl~lt.ss 1'41 sysdtrntlo~m tnolon nrc nlro prescnled in  this chapter. 
'I'III. ,\NN l~ i~n? r l  b t a l l i ~w  I'M syr>cl!mnau~ motor drivo system lhas hcer~ raceus- 
fhlly i~ul,l<.na~>tcxl in  tllc Ial,oratory wing u digilnl signal controller hoard DS-1102. 
'l'la. 11~:li~ilc~l rcrfts~~nn: and Ihitnlrarr itt~plcrncnlulions of the proposed rchetne haw 
1,cr.e prc.s<.ralcul ih rl>aplc.r 6. Tho experimental nsultr prcscntcd in t l n i ~  chapter not 
,wtly n,rily l b r  llltorrticnl icrults ~reacutod in  chapter 5 hut also establish thc i\NN as 
;wi ~~llicinmt cottlrol t m l  for a rol,art and lligll pcrbrmnatrc brushless P.CI syncllrono!rs 
,,l"ttll flli",.. 
'l'lta w w t s r y  and COIIC~~LS~OI~S of this thc~is  are highlighted is  rbapter 7, together 
witlt a l g p w ~ i o ~ r  fo  htrll8cr stady i t ,  t l~ is  ;ma. 
Chapter 2 
Vector Control of Brushless P M  
Synchronous Motor Drive 
J\ separately ercited dc rn~oror olf<:rr a highly d<air;lblr c.otlln,l ~ . l~ana. l t~r i~ l i t  IV.~.,>IIU. 
ils armature aibrl field carrients arc rlcxo~tl>lcvd arnl Ihr.~lcc: c.n~ I,,. ~rrrvtnrllc~l ilalc.l~.ll 
clenlly. Equivalent cbamclcri~tics of a rr.l,amlely <.rcitcrl rlr ~na,l.or am I,,. 
from a brushless PM synchronovs s~ol.or il thr  vcrlnr rostml tl.c.llt~iriw. ix IVIIII,I<I~<YI 
[Gq, [or]. The underlying principle of vc.rtor control is to  rlinlinalt. llr: I.I~IIIII~II~ 11,. 
lweon the torque and tllc magnclomutia: forrt (MMF) Ily .;vpitnditl# Ilhc. diw.t.1. i ~ s # l  
quadrnture (d,q) axis cuircnts which cars hc.chicvcvl I,y c.xpn.ssi~~g t l ~ c . ~ ~ ~ i ~ v l ~ i i ~ ~ ! ~ ~ l ~ ~ ; ~ .  
tions in the ~ynchrono~r ly  m t a l i ~ g  r o ~ o r  o k ~ m c a  rr;vro. i.,:. ill 1.181. r~lll13 l';,rk'* 
model 1651. Thus darting wit l i  n hricl imltm.lualios or I'iwk'r zn;u.l~ist. ~z~e*l~.l. 1101. 
concept a l  the veclor contml ~ecll~l ique ~ l s d  is 1. l~igla ~,~,rforrr~;u>lr: ixtlrritrr-tyilr 
brushlor. PM synchronoua motor drlvr ir ~pwrcolal in  this chnplr:r. S imr  wrn.l>l. 
and specd mnlrollors are some of tla? nlsltl c.,tnpnnrnts i !~ kbq. v<r:uir ~.o~~l.rollc~d I'M 
brushless rynchronour lmotor drivcg. lhc: d<:lrilcrl nibiJysi8 nl>d ~lr,aiga pnr:,.al~~n., u l  .L 
pseudo-typo speed mntroller artrl L y r t e m ~ i ~  ~:!rrn:ul coolmIh!r arc nlao p n ~ r ~ ~ ~ l r ~ l  i l l  
this chapter. The performances of both aped  and current cootrollers are evaluated 
through simulattana and experiments. 
2.1 Brushless PM Synchronous Motor Equations 
The brushless PM synchenous motor is the same as the field-udted synchronous 
motor from the analytical view point. The only exception is that the wire-wound dc 
mtor field adtat ion is replaced by p-nent magnets, which provide constant flux 
linkage AM. The flux linkage in the three stator phase winding due to the permanat 
magnet mtor ia given in the m t r u  form as 1651 
AM ain0, 
The three phase flux linkage equations are defined as 
Aa = L..i,+ M.aia +M&+ A~sine,,  (2.2) 
AI = Mbi. + L d ,  + Mki. +AM sin (2.3) 
A. = M-i. + Mdib + L,i, + AMsin (2.4) 
where L,, Lab, LC, are the aelf inductances and Mna, Mk. M, are the mutual induc- 
tances, respectively. 
. Now, the voltage equations for the t h r e  phase brushless PM synchronous madine 
can be mitten as 
d l  
u, = raia + 2, dt 
dA 
ve = vcie + 2, 
or m the matrix form aa [,I = [' 0 : 0 re : ] [;I + [,I 
Equatron (2 8) may be wrtttm m compact form aa 
where p rs the opwator defined m p = & In t h e  voltage equations, the flux 
lrnkage component contans inductances whld are functlona of the mtor pos~tlon 
8,. and the m&c~ents of the dfferentsal voltage equattons are tune -rig except 
when the aped  of the &ne ra zero T h ~ s  makes the analys~a u)mpIcr, unles all 
the eguattons m trsndormed to the aynchromnsly mtatm8 mtor frame where the 
machrne xnductances wll no longer be dependent on the mtor pos~taon 
2.1.1 Brushless PM synchronous motor dynamic equations 
Park's equatxons m &e vrnablra can be obtamed by t r d o r m u l g  the equst~oos 
of the statlonary axls to n synchranoudy rotat~ng mtor refuence frame a a s  16.51 The 
&dent matrix can be written for the transformation to the mtathg rotor reference 
frame ns 
ms8, ~ m ( 8 ,  - t) cw(8, + 9) 
sine, sin(& - f)  snn(0, + f) , 
: I (2 10) t t 
where 0. IS the rotor pos~t~on a gk defined ns 
In equation (2 l l ) ,  w, a the mechanlcd speed expressed m radranlsecond 
The Inverse of the matnx equatron (2 10) can be found as 
(2 12) 
m(0, + F) am(0, + f )  1 
The voltage equstlona m a statlonary reference frame can be transformed to the 
orthogonal components af a mtatlng rotor reference frame aa 
when the superscript r denote6 qnantrtles m the mtatmg rotor reference frame 
After somematupulatlans of equatlona (2 9) and (2 lo), thevoltage equatron (2 13) 
can be mtten  as 
where P is the numhr of pole pairs Equat~on (2 14) can be wrrtten m the matnx 
farm aa 
If it is assumed that the stator phase mistan- are equal, i.e 
v a t i o n  (2.15) can be written as 
u; = RI; + Pw,Ai + PA;, 
"; = fi; - P w , ~  + pi;, 
v: = RG + PA;, 
where A;, A; and can be determined from the fallowiq matrix as 
Ld and LL, me the d-ma and q-am mductancea, respecttvely, Lad and L,, are 
the d a o s  and q - w  rrqnet~zmg mductanm, mpectlvely and L, la the leakage 
inductance It should be noted that for the ,tenor-type brushless PM synchmnous 
motor L,  ra larger than Ls 
Fmm equatron (2 20), flux h b g e a  can be orprnsed as 
Subatltutnng equattona (2 23) and (2 24) mto equatrons (2 17) and (2 IS), respectively 
and assurmng a balanced three phase system ( I  e ~ p o n n g  t h e m  sequence t-), 
the bUmmg exp-ms are obhned 
Usmg equ&ons (2 26) and (2 27), the permanent magnet aynchmnous motor can be 
repmented m the d- and q- sxes by the equ~valent ormd diagram shown m Fy 2 1 






F ~ w e  2 1 Model of the brushlean permanent nu@et synchronous motor (a) d a n s  
(b) q - a s  
The developed electric torque can be exprwmd as 
The firat term of quatlon (2 28) represents the torque component due to permanent 
magnet exatatloo, nhde the m a d  term a the reluctance torque unnponent The 
motor dynsrmc state esn be represented by the foUow~ng equation 
*here Tr. = the load k%ue, B ta the damp= d c ~ c n t  aod J LB the mtor mstla 
2.2 Vector Control of the Brushless PM Syn- 
chronous Motor 
'Thc cullpling bclrvccn Ihc l lur  n t ~ l  the lorqtir co!tli*,~lt.tlt ru!n.l,lr is 11,~ .br ~nlolor 
l t iu heen poinlcd out as onc of  tlir l t lr in rearonr lor 1111. rlag~isln rc\*ianln. o l  .) lo*<.cl 
loop conlml. 'I'he wdor control techtliqlrc Inns bt rn  icvl.plcd ,a al~t, ,l 1111. I C ~ O ~ I  
cflectisr ~nctilods lor decoupling lhc q-oris and <I-ax. ro~>~p,srs>~r  elrc,ttllr ~.ijrtt.s~x 
i s  the rynchmzlo<oaly rotrl ing rotor r n lm l~cc  fralir. :\r N st41 knlxrvtt i t ,  1111, I';trk'r 
rnnclline rnouul, the sintlnoidal qllnntitics npprihr ns russtatnt val8ar is 1111. -ll..~dy. 
state condition. Thia pl~cnnmcna~~ olBr9 im armllc.st opps~ttluity L,r r.r,j~~lollisg 
n brurhlas Pkl synchrano~~s tmtor. 11) thc rotor rrlrrcmct~ lrs!nr. l.l>r. rtatur t.alrn.111. 
phasar lhas tworompencrtls: thc<i-axis ros,potnc~~t 101 thc slitlor cttrn.t~t pl>;lr~r kwrrrs  
ao l lw torqae producing currcnt conlponcst a r ~ l  t te rl-axis rr,tatpoll,.ttl kn,aws ;,a $I.! 
magnctiring current cornponcnl, which is rurposxil~lr: lor all.% tirig l l l r  lwl;~l ;3ir-g;lp 
nllx linkage. r\s can be rwn lmnl erlui~tiolm (2.28), the! gc:ela.l3rrl rsmlor tcl,cl8a. is rlczl. 
otlly n function of q-axis cnrrent but nlso the pmrhlct o l  <I- rt ld 11.axis r#trn.~l.x ts 
lhe rotor rufcrence lmme. By keeping lhc ~sogsclizisg rltrn.sl c.orsl,ost.r~l ( r j )  .,I. ;I 
constant valae, the nlotar lorqucenn be farcscl l a  vary lir~rnrly cvitb Ilre r)-;~xir tnrrc.nl. 
This mncept or control is similar to the mntrol 01 r n!paralc4y c.x~.il.rl c l c .  ~ns,~or. 
Ilowever, for an interior type hrurltless I'M synchro!mur tsoler. ~vplitr~i$ly vIlirir.111. 
operation i s  arhicved by controlling the stator clrrrrrtl 10 c . r t ~ t l r ( .  t lmt 111~ ~ l i~ lcsr  C U ~ . T I I .  
phasor contains only a q-axis comporlent wlnn cxlrrrsrnl i n  thr: rot~rr c4t:n.sra Imtsq!. 
other the clrrrlt in tlkr rotor n.fi!rnlutr rr;,,,~? is klrclrl to zc.rcr ill 
order to achieve maximum lorqlto pcr ampere, r a t~ l l i ug  lhc ariast;di<rrt crl ;dl IIv. lltax 
linkage in the d-axis. With this concczpt o l  c.nntrol rtmtc.gy, t l~r l  scvond lr.rnn 181 lhc. 
torque equation (2 28) rs reduced to zem Thus the torque equation (2 28) reduces to 
T - I P A ~ , ;  
* -  2 (2 30) 
Hence a conatant torque can be obtaned by marnt-g constant q ax18 current eoce 
the developed torque depends only on the q ax- C-t W ~ t h  t b s  control strategy, 
the m d n e  model beurmea hear as can be desurbed by the following eguatlons 
p' = - Rz; -PAM-), 4 (2 31) 
p, = f 1% - TL - Bw,] (2 32) 
Equations (2 31) and (2 32) are obtamed fmm equst~ons (2 26) and (2 29) The 
developed torque T. m the q u s t ~ o n  (2 30) la proportnnal to the q m s  c-t
when KT = (3PAw)jZ Equatlon (2 33) memblea the torque expresston of a sepa- 
rately excded dc motor, where r; cornponds to the armature current of a dc m a c h e  
and KT mrresponda to  the constant flux linkage 
2.3 Implementation Strategy for the Vector Con- 
trol Scheme for the Brushless PM Synchronous 
Motor 
The practical cohfiguration of a vector controlled brushless PM synchronous motor 
drive is shown in Fig. 2.2. The basic configuration of the drive s p t m  consists of a 
permanent magnet synchronous motor (PMSM) fed by a c-t mntmUed voltage 
source inverter (VSI). The three phase c-t commands are synchronized to the 
Fium 2.2: Block diagram for a vector-mtroUed PMSM drive 
rotor posltlon angle pmvlded by an optad  lnwemental encoder mounted on the 
motor shaft The magnrtude. and frequenues of the three phase current co-nds 
an det-ed fmm the veetor mntrol m d, p a n s  mtor reference frame Based 
on the control stratgg & s c u s d  m &,on 2 2, the reference speed w: la compared 
wtth the actual speed The multlng s p e d  emr a forwarded to the speed controller 
w h d  genepates a r h c e  torque c, whch IS procmsed thmugh a torque current 
calculator to produce the q- &ce current I;' Wtth thla r e f m a  current 
and mpasured mtor pasttron a@, the t h  phase reference currents are computed 
ustng the mn- Park's tr-~rm These reference currents and the actual 
three phase atator cuttents we pmcessed through the current -troller to generate 
the Inverter swltcbng control Ggoals. 
2.3.1 Design of a pseudo derivative feedback (PDF) type 
speed controller 
For a rrkt~vcly less expenswe end moderate p d o m c e  bmshlas PM synchronous 
motor dnve, u)nyentlonal speed controllem such aa PI, PID or PDF typea can be 
Fiyre  2.3: The simplified speed control block diagram of PMSM dnve 
used A apeed mntmlla of PDF type mthout the forward d&-t~atlon as shorn 
m Ftg 2 3 a desyncd and mwrporsted m the dnve system [67] The Kd and K, 
shown m Ftg 2 3 are the Lff-tlal and rntegral constants In the PDF controller, 
the dmvatlve (m the forward path of the PI or PID controller) ra awwded by planng 
the ~ntegral part m the forward path of the speed error, and the speed feedback s 
subtracted fmm the output of the mtyral  part The transfer functron of the control 
system arrth the s p e d  controller constants can be expressed m the Laplace doman 
where J la the lnertxa -&mt of the p w a n e n t  magd rotor, B a the dampxng 
conatant, TL l a  the load torque, w. la the adual speed and w: a the referenee speed 
Therefore the charactenat~c quatlon of the sunphfied wntml system IS gven by 
Wlth the desy l  motor data of J = 0 003 kg ma and B = 0 OW08 (N-m)/rad/sec 
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Figure 2.4: Polezero plots (a) input: w:, output: w, (b) mput. TL, output: w, 
determined as 
The Routh's criteria of the charaeteriatic equations reveal that the system is stable 
for the values of Ks > 0.0022. For a critically damped eystern, the value of C is &wen 
as 0.913. Hmce, the values of Ka and K, can be deaigncd with the aborc criteria. 
For the design purpose, the v a l e  of Kd is eh- ae 0.1. Thaefore, the value of K, 
is 1.001. The pale-- plot of the above transfer functions me shown in Fig.  2.4(a) 
and (b). It is evident from Fis. 2.4(a) and (b) that the system ia stable, since all the 
poLs me in the -nd and third quadrants of the pole-zero plots. The small signal 
behaviors of the control system have been predicted through unit step responses of 
the two inputa w: and Tr. individudy. The corresponding results are shown in Figs. 
2.5(8) and (b), respectively. 
Figure 2.5: Small signal behavior of the simplified control system: (a) Au, due to 
unit step change of @ (b) h. due t o  unit step change of TL; 
2.3.2 Current control scheme for the voltage source inverter 
The function of the current controller is to force the load current to follow therefemce 
current as closely as possible. Before implementing the current controller for or three 
phase voltage aource inverter (VSI) in the brushless PM synchronous motor drive, its 
operation has h a  studied by conaidering a circuit consisting of resistance (R) and 
inductance (L) as s h o w  in Fig. 2.6. 
In t h i  diagram, a balanced thee phase R-L load is mnnected to the three phase 
transistor inverter. The neutral point of the load can be connected to the mid point 
of hvo equal capacitors connected across the dc supply. The measured currents are 
corn-d with the reference c m t a  and the error signals are utilized by the current 
controller to generate the drive pulses, which activate the inverter power switche. in 
such a manner that reduces the current error. In Fig. 2.6. NA, NB and Nc represent 
the threelogic variables of the threelegs of the inverter. The inverter conduction state 
is represented by these logics. The logic state 1 means t r m l t o r  TI is conducting 
Flgure 2.6. Cumnt controlled voltage source mnvezter wrth &L load 
and the log~c state 0 mmponda  to the conduction of the transistor TI 
Before mdymng any s p d c  ~ m n t  controllers, the conapt of volt%= and cur 
rent space phasors la u t h e d  to slmpldy the repmentatton of a set of three p h  
voltages and currents The mvezter output voltage phsor  m d&ed as 16.81 
where o = e3l"fs and va,va,v, are the t h  phase voltages. Follawlng the same 
concept as applied to the voltage p h ,  the current ph-r can be defined as 
7 2 I = V[i. + air + dt.1. (2.39) 
Figure 1.7: (=) lnverler voltage phnror (b) Switching cuirenl waveform 
If lbc: logic vnrinblw are oxpressed as 
[u.kol = NB VB. [:I (2.40) 
1.Int.s llle phase vollilgcs can be expressed in terms of the bus vollage and logic vari- 
itblw;, giving 
[u.knl = ) -1 2 - 1  lumssl [: r: :] (2.41) 
There are q h t  s m t & g  combrnataons for the ~x santchea of the Inverter Wlth 
these combmatlam, the voltqe phasors can he exp~essed as 1691 












The logm operat~on of the VSI unde current mntml 1s summmlaed m Table 2 1 
Flgure 2 7 shows the vol* phmm correapondmg to the su acttve states Each 
vector h a  the mphtude of'JVg/3 m q t  vector8 vo and vr whch correspond to the 










2.3.3 Hysteresis current controller 
The hystemrs c-t w n t d k  ~r used for the prop& dnve The r-n for chow 
mg tha partrcular lund of w e n t  controller a that ~t offera an excellent dynarmc 
performanre whrch 1s one of the m m  wn-I of hgh pfonnanee dnvea In ad& 
tlon, thrs type of controller IS very vmple to q l a q e n t  m real tune The smtch~ng 
frequency of a hystereals current mdtollec depends on several factom To det-e 
Ts Ts 

































II#<:SC kctorr, lot one phnm of llnc R-I. l o d  hc dncribrd hy the following cquation 
e t, 
- = - - -  
dl I, fi (2.,13) 
A!, idr.*lizcd IPWM inwr t r i  i* swilclted from +Vn lo  -VB and generate a switching 
~:arrcnl wi~vc.for!o as rhowr, in  Fig. 2.7 (h), rvhcre A i  is lhc peak-t-penk currenl 
ripple. 'I' is t lr! ~:yrle period, At ,  and At, an: the timer a l  wh~eh lhe tnwrter outpul 
wllagc: is rwi tdml  ibrtwc!es +VH to  -V8, mpmtively The A t  is the lime in which 
lbc! li,acarrunl, ir8crn;lrs ihy A i .  Tilis time can be dolermincd from equation (2.,13) 
" - R, (2..I.L) 
'I'~,,,s lllp awitdling rr~rlll~ll~y b0 determined 
,=I 
A t  
(2.,11) 
'I'IIL. s$v i~d~ing f r qu~ncy  is aLcted by seveml lactors, such as the load inductance. 
1110 cls bur uoilngc, lho magnitude of the load current as well as i ts ripple content. 
'i'llc lu~~da~scstn l  line lo  neutral voltage varies periodically. 
A rimplificd diagram ofn typical three phuw hysleresis current conlmlier is shorn 
i s ,  F i l .  1.8. 'Pbc ~purpme of the urrrent controller i s  to control the load current hy 
forcing i t  l o  follow n rcfetence current which offem s unity power faelor operation. 
i%n eran~ple, lite relcrence currcnt cru t r  exprmsrd as 
ire, = lmsin(ut) (2.16) 
All uppcr hand rcfcrcnce and a Ioxvcr band reference cumnt  cm be defined by adding 
or a!btrarling n band limit X with lite relcrcnce current, giving 
itCp = ivs1 + H (2.47) 
ilo = tpcI - I f  (2.48) 





Fwre 2 8: (a) Aptmeals mmt controller acheme (b) Waveform of a typtcd hys- 
h i s  current coatmUer 
Referring to Fig. 2.8(b), if i. > i,, then switching logic Na = 0, i.e. the inverter 
output voltage switches to negative in order to reduce the line current. Similarly, if 
i. < rro, then NA = 1. At this inslant the inverter output voltage switches to positive 
in order to increase the line -rent. 
2.3.4 Simulation and experimental results of the hysteresis 
current controller with R-L Load 
W E -  " 
Figure 2.9: SIMULINK block diagram for hysteresis nurent controlled VSI 
The simulation of the three phase hysteresis m t e n t  controller with an R-L laad was 
carried out using the SIMULINK software [?O]. The achematic of the block disgam 
using SIMULINK is shown in Fig. 2.9. Laboratory experiment8 have been carried 
out to evaluate the performaaces of the hysteresis current controller with the R-L 
Fiyre 2.10: Sch-tic d iagm of the digit4 cumnt controlled VSI 
lcri~tl ~n i t lp  IISI' rontroll~~r 1,onrrl IDS-1102. Thc circalit corlliglrirtion of tllc thrce 
~plonrv azllng<: rotrrrc tsvr:rlcr and the? dibltrl current controller luring DSP 13 rhown 
i l l  l'rg. 2.111. 'l'lm ;~c~t r r l  load cltrrcntr nrr r.aptoml by 1lall.eITcd rmnsduccra and 
f i ~ l  10 118t. ,\/I) [port of tIw IDsP Iboard. 7hc conlmllor srnlplcs the phase ctzrrcnlr 
; ~ t # c l  ro!!almrc; tltws will, t l ,  mkrn l re  allmmslr. Upon this comparison, rhc switching 
1cqic.r cclrnxpot~ding lr, Ibc tlnrre phnsrr or t l ~e  irwerlcr are fvd l o  the Dlr\ port. 71ie 
\ix rwil<llisg >ipnals Ihnvc bmn derived twing ibmlcrface rircuil as shown in  ,\ppendix 
(:. 'l'llc IDSI' lhonrci is ron~ph~rely controlled hy a soflware devcloprd system wing a 
~w.rsovt;d cornpetcr. The: llow <,hart of lhe teal-time implementation of the Lysteresis 
vurn.nl ml~ln,llc~r $villa It-1. load is rllown in Fig. 2.1 1. The details of the t l ~ r m  phase 
I 'Wbl sigrlitlr genuialion rn xhnclcd in  the Fig. 2.11 are rhown in  the flow chart of 
1:ig. 2.12. 
f i ig~~rcs 2.i:l-2.18 show ll lc aimulalior~ and cxperirnenial current rerponss of the 
lhyslr~n~~ir ror c:111 r a~~ lm l l cd  VSI. All rnulls have hecn obtained v i t h  a ielcrence 
v!lrn.st ~pcrtk of i I m p  and Ihyrtcresis band limit of 0.1 amp. Figure. 2.13 (a) shows 
llle xir!~t>lnlion ctlrrcnt rmponre. of phase 'a' and phae 'b' for the rererence current 
I r c~ r~~w~~c . y  of 80 I lr. Fig. 2.13 (b) shows thc corresponding experimental current 
n.l;ponxrs. Vig. 2.l4(n) rltows tho sim~xlatian current rerpor~aes of phsre 'a' and phase 
'I.' i~tad Ipig. 2.l.i(h) rlmows their experimental wul la  of the same frequency. 11 is 
obwrvc,cl from Yigr. ?.I:! asd 2.14 tinat the load currents are within thc p r~c r i bed  
Ihiwd ssd tlncy bnvr ~nninlainrd the proper phase dilference. Figure. 2.15(a) and 
?.lli(i4 rlmoa 1110 aimolation current responses of phrrep 'a'. 'b' and p h u n  'R', ,c', 
n ~ s [ x ~ c . I i ~ ~ ~ ~ l y  for r rcfercnrc lirqaency ol:10 Hz. Figures 2.15(b) and 2.16(h) show the 
c.orn.rl,ollc~illg rrlrrrimcllta~ rcrponscs. 'rllc frequency 01 the current 
~pmridrs lower i i l<luctiw nllrtnnce. S ine  the magnitudes of tile dc bur voltage and 
t I Set p a r d u s  in memory 
1 
Get reference current magnitude, frequency and band 
A 
&start timers 
Figure 2.11: Elow chart of the real-time implementation of the hyatereaia curreat 
contmller with R-L load 
Figure 2.12: Flow chart of three phare PWM signals genaration 
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Figure 2.13: Current responses of the hysteresis current controller at the reference fre- 
quency 60 Hz: (a) Simulation responses for phase 'a' and phase 'b' (b) Corresponding 
experimental responses; Y-scale: 1 A/div. 
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F p r c  2.14 Current responses of the hysterca~s currmt mntmUm at tbe reference fre- 
quency 60 E (a) Slmulatton r e s p o w  for phase 'a' and phase 'c' (b) Correspondtng 
expenmental response% Y-scale. 1 A/div 
-2 
0 0.05 0.1 
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Rgure 2 15 Cumnt reaponsa of the hystass~s cu-t mntroUer st the refaence f r e  
quency 30 H. (a) Sunulst~on -naw for phase 'a' and phase 'b' (b) ConrsponLng 
expenmental mpo-, Y scale 1 A/dw 
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Fium 2.16: Current responses of the hysteresis current controller at the reference fre- 
quency 30 Hz: (a) Simulation responses for phase 'a' and phare 'c' (b) Corresponding 
experimental responses; Y-scale: 1 A/div. 
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Figure 2.17. Current reseonsea ot thc hptexw~s c& controller at the reference 
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Figure 2.18: Current responses of the hyst-is current controller at the reference fre- 
quency 5 k (a) S~mulation responses for phase 'a' and phsne 'e ' (b) Corresponding 
experimental responses; Y-scale: 1 Ajdiv. 
the reference currcnt are kept constn~it, thcswilrl~ittg fnqarrsy oftl~c. \PSI inc.nsrc.r is 
order to  decrease rhc orrtput mltagc, limn though lixr nvi!c.ltilil: frc.llt~l.~~ry ~mrn.a*,.r. 
thc land currcllls follow the refumtncc currrnt willtict l h r  spc.rili<~l b;tscl. I<~l,~.rimr~tlx 
have also been carned out lo cvnluntc t l l r  perbrtt~atmrr crf t lic ~pmlron.~! rn~ntn,lh~r L,r 
n low refcrcnce frequency, sslich a. 6 llz. Pigllrcs 2 l i  (a) .utcl L'.IS(a) rLnv ~iittt$li!tiult 
rcsponsm and Fig. 2 . l i (L)  nnd Fig. ?.IS(lr) shmv 1L. mrn,oln>~~<ling ~.xl>~.ritm~~.llti~/ 
results of phases 'a'. 'b' and p l t ~ n  'a'. 'c'. rcspc~nisr~ly. :\illloongI~ 1h1. wilrl l irtg 
frequency illcreasen tremcndoesly L r  tllis case, lhc I.II~~C.I~I CIIII~~UIICII VSl 11k1.s it81 
excellent jabof forcing lhelaad cttrreut l o  lollmv Il l? r c ~ h ~ n ~ ~ ~ n ~ r ! t ~ ~ ~ . r l t ~ .  1(/ wv v~~rront. 
responses nl the very lor frequency .l,suro raccrxmll olriati,rl or tt,,. I , ) . ~ I C . ~ . ~ ~ ~  
10," S ~ ~ C I S  for tllc ilrur~l~eqs I'M ryr,r~knlll.la II~~V~.. 
2.4 Computer Simulation of the Conventional 
(PDF type) Speed Controller Based Brush- 
less PM Synchronous Motor Drive 
Now-a-dayg, i t  i. a cornmozl practiu! l o  c:vnlunlr lhc ryr len~ ~pc.rfr,rtsi~sr~.r t l ~ ~ r ~ l ~ g l ~  
cnmpuler rimtrlillian hefore the real-lime implcnr.!!lnl.ion. I'la.n.for~~. ;L 1.~,!88&,811c.rsilrt- 
ulation of lhc brushless PY synchronoina nlolclr dr iw ryd.c:rn totlsislir~l: of ;t m>trn.r# 
tional "on-sdaplive PDF type spccd cor>lmllcr hsr been (nrric~l out.. 'I'L! n-ltvrrl,~l.i< 
block diagram of the completc syntcm is shown in  Vig. 2.2. l'ln: ihvcrk:r tri~!~.iirlor* 
are~nodclcd as ideal contmllod switclmcs with mrtant.nsc,ou* t~irs-on isld turn-oll '7'111, 
switch- in each inverter leg have complcrnsrttnry switd~isg xLirt<,*. 
Therc exist many roflwarcs which arc %pr~:ifirnlly dc:v~~lop~vl Lo ~ i i r t ~ ~ ~ l i d ~ ~  1111. ~ l y .  
namic~ ol Lhe system, namely, el~tmmagnetic trnnsicnt progrun (IiYI'I'). ~ i s>~~ l i d . i o f~  

of nonlinear r!.rlmr (SI>I.UOS) and SI~ItiLISlII( I iOj .  'Ilw SIAIIILINK nlll$r\.arr ihas 
bccn aucccsrf!tlly tmrd in this rrrarrln I'ltc r iaitt~hliut~ 1.i~cri~~t1 011 ill Illis ~vcwk (.II. 
ables llme invrslig.tion of boll, lilr frnllrirnt imd 11~. %ltvtly %talc ~ ) p ( . ~ ~ t i ~ ~ ~ ~  %,f !Itt, 
system. Simtllnllon irlp~>ts inrlldc: a l l  II~P d r iw  (ir(.~til 11.lra3ilt.11.m  LIDO^& will, !I,(. 
rcferencc specrl u:. Tllc rilnulatiott orlll,als r n l l i l l  o f  lllc irtxle1~1,asotl.i ?1l~n.111 .b11t1 
speed. The SI1IUI.INK softwarr t lsrs orlnphoo ol n block cliagratu 10 ~c~lln?iv~~t ;I 
dynamic syrtes>. I n  order l o  olrlnin an arcurrlc iatd c.llicit,ctt s i ~ ~ ~ ~ ~ l . ~ l i v t ~  rws1tl1. > ~11$ 
SISIUl.INI<. t l~c  cqu.lions delcribir~g l l lr ry r lws nrc? nvj#lin,rl 11, IIV arr ; t~gv l  io  lla. 
form o l  block dingrams. Tbc npprnec.1~ I L ~ I  lo olllain 1l1c. rion~clslion n,ncllr ol l l a  
h i v e  aystern is outlir>ed below. 
. 7be stnlculre n f t l ~e  l>rurlilurr t'kl sy!trl2rosala l t l ~ l l r ~ r  is c ~ ~ ~ ~ ~ l r # l ( . l ~ . d  ill 1111. k~rltl 
of block diagrams as sl~otv~b is, Fig. 2.1!J. 
. SI~IUI.INK .llbsyatenl~ "r lllc vlriollr coe31m.crltr ~r IIIP ,iriw. ry. i~~. ,r ,  . i,. ,,,,,. 
structed and usnl ie Fig. ?.L$I. l'llcsa s~ r l ~ r yncsx  i~rc. ;~rc. ~llowrl ill A~,~,~~tlt l ix 
D. 
. The real.lime rrri lcl~ing ttlodrl is l l l v l  t o  rrcprcsc,nl tllc! itwr,rlc:r 
2.5 Real-time Implementation of the Conventional 
Speed Controller Based Brushless P M  Syn- 
chronous Motor Drive 
Experiments lhavc been perlorrncd t o  evaloate lls,rcrforr~~nom o l  lliesptr*l <or~l.n~ll<,r 
I Set parameters in m m w  I 
& 
Get reference speed, PDF constaots 
- 
Calculste reference current P I 1 Generate 3 ~2 PWM S~~~UL~-I  
I. I output algnala t i w d  D/A I 
1 
Wut until interrupt s ~lllshed] 
I " "  Restart t"mm Figun 2 20 Flow chart of the software uad for the real-txme rmplemmtat~on of the PDF baaed brushleas PM synchronous motor dnve 
used in the Irrushlcrr 1'11 r yn r l ~m~~oa r  rulotor < i ~ i v v  it, n.il t i inr using III*. I1SI' c a m  
trollrr board. The state-spnrc s ~ a l r l  of !he rl>rrrl rvstrnllvr ix ihltl,l<w>t.strcl f l ~ roug l~  
11)~. ~ft~,.arg!.  'she IOIY C ~ I ~ L ~ I  "r (I,<. r~~a~- t l~ lc~ *,r 11,~. 1,111: I ~ ~ , ~ .  <IS ~.~I 
co!itmllcr with the dcn.loped 11ystc.rtsir rarn,st cottlmli~.r br lla. Ihnl\lllcrr 1'11 ryu 
chroncrus nlolor clrivr is rhotvs iu  I'ig. ?.YO. Il;dl-c.lk.! vtlrn.r>t trer~nla~~~r.; .ln  ~cse,cl 
t o  mcarum llle actttal line CIITW~!~J. ~ntl ~II~SC I IC  10 lla. ,\/I1 lport ~11111~~~111111~~illt~r 
board. The mlor position is slrasurcll Iby 811 uptic.;~l iha.rc,tnr~lt;~l .n~<~,tlt.r i ~~~ t . t l l < v l  ,#I 
the motor shall. The cucudcr genrralm t h r  e<wssary ~pt~lrrs amonliug 11. plnitimi 
it~lonnntion, nnd are lcrl to  tltc Ihailt-ill alcodc.r pcwl sf tla. cuntndirr 1,o;~nl. \ :U llio 
counlci counts the ptalws a t ~ i  is rcad ily $1 rallillb h,~rl icn~ ill LIM. n,llw;ln.. 'SILV lllG1ll,~ 
spccd is dcrlureci Itom l h r  rnlor porilivtl nrlgh: by lbrtk%vrrcl ~lillvrc,s~t. i~tl~.rl,r,l;di~,r~. 
The peak wluc o l  tile refcrenw current i.; drl~.nsi~mml Ihy lbc. tlin-n.tv rq>s~l  ik,ra ,11 tlhv 
speed conlioller and tllc crmr lrctwcrrl l l t r  r.lil;tl tulld n~fr~nl~rc  rlll.lrlr. '1'110, 1 l ~n~c~  
p~lasc refcrcnre ccllrrunts arc tlien I . ~ ~ ~ , ~ ~ ~ ~ ~ I  IIII. ~,.CII, , ~ I.l,tllr l,(llil.i~ll i,,r<~. 
mation. The measured acl! l~l eam.als nrncl t l ~ r  n,h,n,st.t. r!lrrc.##ls ;m usvd ill 1111. 
i,grlcresis cltrmnt mtitrollrr ivhich lpmvides the t~,~c,rs;$ry \silrllitlg h~gt~;llr br ~hc. 
voltage rourrc. inverter. Thc complr:tc control r l g u r i l l ~ ! ~ ~ ~  ; r c  i l~~plc.t~~r.sl<rl i l l  v,ll- 
wart ~G ing  n thigh lcvei program wrilies i n  (:. 'I'I1c: lpmg.~s, i~ rnrrqlilcrl ~n~i,,p, 'h.x;a 
Ir!atrttmcnl C code gcncralor nsd then clow81 lontlrci vr l l r  IISI' rc~~11m~l I~~r .  
2.6 Results and Discussions 
Figurcs 2.21-2.28 illil$lratu t.hc ~ in~ala l i r~~m iud ~ ~ ~ p c ~ r i ~ r ~ ~ ~ t ~ l i d  n51111+ 111 1 1 ~  IYIIIW~O. 
tional PDF lyke spced conlmller bdrcd brqlrblvsr I'hl ~ y ~ ~ c h r o ~ ~ u ~ ~ ~  ~ r ~ o l o r  tl ~vt,, All 
experimentd sped rerpansu5 ~loco~n~er~ l r r l  i s  clliv work an: lla. arcillosr.l,l,ir rr~,r,llIirlp,~ 
2000 
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Figure 2.21: Results of the PDF type speed controller based brushlens PM ilsyn- 
chronous motor drive (a) Simulation speed response at no load with w; = 1800 rpm 
(b) Corresponding experimental speed mponse; Y-scde: 750 rpmjdiv. 
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F~gure 2 22. Results of the PDF type speed controller baaed brushkss PM ayn 
chmnous motor &we (a) SlmuLatlon current nsponae at no load wdh = 1800 rpm 
(b) Corrapondmg expenmental c-t response, Y d e  1 A/dn 
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F i  2.23: Results of the PDF type speed controller baaed brushless PM syn- 
chmnms m o b  drive (a) Simulation speed response at rated load with u; = 1800 
rpm (b) Correspondmq upuunental speed reeponw, Y-scale '150 rpm/d>v 
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Figure 2.24: Rasults of the PDF type epeed contmh based brushless PM syn- 
chronous motor drive (a) Simulation m e n t  response at rated load with w; = 18W 
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Figure 2.25: Repults of the PDF type speed cantroller based brushless PM syn- 
chronous motor drive (a) Simulation speed response at rated load with step change 
in speed (b) Corresponding experimental speed response; Y-scale: 750 rpm/div. 
-5 I 
0 0.5 1 1.5 
Time, sec 
F- 2 26 Repults of the PDF type speed controller based brushless PM syn 
chmnous mto~ Ctve (a) S1mulstx1n c u w t  rwponae st rated load mth step change 
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Frgure 2.21: Renults of the PDF type speed contraller based brushlea PM syn- 
chronous motor drive (a) Simulation speed response at rated speed with step change 
in load (b) Corresponding experimental speed response; Y-scale: 750 rpm/div 
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Figure 2.28: Repults of the PDF type speed contmller based bnwhless PM syn- 
chronous motor drive (a) Simulation current response at rated speed with step change 
in load (b) Corresponding experimental current response; Y-scale: 5 A/&. 
~ ,b t r i r ~v l  lrurn the tncho.gcncrator. Tho y.nnis of the cnpmimenlal speed responses 
rr.l,r<.hw#lr l.lh wllage loriapanding to the speed in rpm and x-axis iepreents lime 
i l l  ~:*llld. 
liigurn 2.2,(a) ancl (I,) silos the rimulation and expcrimenlal 3pecd response 
wit,ll n.fcresct: speed 1800 rpm at no 10.4 condition. Tllc designed speed conlroller 
11;. lprovi,lcd asdor-dampnl qxod rrrpr~nser of the clrivc system. I t  is seen from Pig. 
1.21 tllat tile ,lrive rolio,~ the rerrrcnce ,"ite 
rpcvri 1~apons1: in Fig. 2 21(b) shows the rcfrrenre rpecd as 1650 rpm. Ho$vever, the 
.~?l.unl refercracu speed appliod war 1800 rpm. The discrepancy of 150 rpm is due 
lo  l l ~ c  shilling down of the ground reference la.el of the oscilloscope by one small 
diviriotl wllcil llta speed signals we= applied. Fhures 2.22 (a) and (b) show the 
rimul*tion atxrl cxpcrimcntnl current responses under no load condition at l h r  rated 
n,fcn!ncc speed. Figurn 2.23(n) and (b) show the simulation and experimental speed 
n,sposu!a undc.r tile lull ioad condition at the reference speed o l  d00  rpm. I t  is again 
vvitlvnt front Fig. 2.23 lha l  the netual speed trajectory of the PDF type speed mn- 
lrollcr b.-d drivesystem follows the reference speed without over-shootingsor speed 
n?cillaliarts at tlte rated conditions. Figure 2.24 (a) and (b) show the correnpnnding 
rurn.,!l rcbponrcs o l  the drive system at full load. Perlormanccs have also been eval- 
~uattrl for lhc slep change in  speed and loading conditions. Figures 2.25(a) and (b) 
llxow l l ~us i n~u l~ t i an  nncl experimental speed responses with the step change in  speed. 
l'iptnrcs 2:26(:~) and (1)) sllow the corresponding current rcr,onses of the drive aystern 
(01 l h i ~  rendition. Simulation and experimental speed responses upon a sudden load 
itnpacl i re  rhowu i s  F ig .  2.27(n) and (b). The rimulation speed response of Fig. 
2:25(n) shows 1 1 ~  I rmr ien l  rcspansc RS wdl  R. the dynamic response at  the instant 
o l  c.11a1n.x~ it) relcrmcc aped. Ilorvcver. Fig. 2.25 (b) represents the experimental 
speed raponsc with dynanlic step change is rrfernlcc rperd at t l tr rtrall!..s~;,tr VCI~I- 
dillon. Figures 2.28(n) and (b) shasv Lhr r o r m r p o ~ a l ~ ~ ~ g  r ! t r i r l~ t  n?il,onn.i oi  l l t r  d r i n  
ryslem far cltangc la reference rprcrl . Sitnaieion itlld t.xp~ri~rv.ttlal sptv<l n.10mtst5 
?upon sudden load impacl are shown i t )  Figs. 2;4i(n) imd (I,). n.ll~a~c.ti~c.ly. 1:ixun. 
2.27(a) shovn the simuintnl trrlmicnl ilr w e l l  as thr  dymmrnir rpc,nl n.qx)sux ,,1 11r  
drive system, whereas Pig. ?:27(b) depictr 1I1e r r p c ~ i s ~ m l s l  rlys,~s~iv rply.li n.sl~r~.;v 
with the sudden load inlpnct rl the rtcadyslxtc: con<litins. Bigllrr 2:JS (A) ,III~ (1)) 
show the corresponding c~trrent responses. I t  i~ apparent t 11x1 lhcw is r c~s~~ri~lrr,t l , l l~ 
amount of sped dmp on the al,piicatiar> u l  aaddca b;nl whir11 is  no^ ilr~.~y,ld,lc, for 
hiph perlormancc drive syslems. Atlcmpts Ihnve alm I,n:n rnr lc  tn oblai~l III(.I.II 11.. 
sponses with low roierence speed and parameter vnrirlinnn s01c.1~ ;u;c.h;,itgv is is or ti;^ 
and/or adding addilional rnialance in  the stator cixuiln, but the lixucl ~ i ~ i u  rl,cr.ll 
rails to truk the rcrcrcnre sped for I.I,.~,- rollriiti~211. I~,IIc-+~ 
the parameters am readjusted. 
The envelopss of the current resporlsn i* shows is I'i~s. 2.25, 2.24, 2.21; ialld 
2.28 represent the +axis relcrrncc ctrrrcntr. Ron, the8t? lignn.s il is clcrr timrl 1111. 
conventional PDF-typespeed contiollcr ibaml hn~~blc!ss 13,M aysc.l~n,t~ntr ~,~rlc,r ~ l r i v c  
syslem is pmviding the rcqllired cl-axil lm.stl r,,r rl,r.ri~ir cll,l.ril~.il~ I<,II. 
ditiona. Thc tranricnl as wcll as the slcady-rtntr valtl<.; of Ibc pll;lsr, I.III.~I.I~~S arc. 
within the prescribed l imit of 10 nrnpel.c?. 
Certain observable dillermccs are fa\tnd Ir<~twcc!tb the: r im~i i l t ion a110 t . ~p~ , l i ~ t~v t l l i ~ I  
current rcrponres the PDF type hrllrtl~uss I'M ryscilm.o,rs tl,ot,.r ,lria. uys~,.rll 
Those are duc l o  the far1 that a ramp rathor I.hiul a 9tc:p tic voil.rpc: lhiu I**:n ;~pplic,*i 
i n  the upcr i~nent  :o the iktvcrtcr l o  c:srerr its sn6: ~ p , ~ ~ t i o ~ ~ .  181 IVi$r. 2;lfi a!,cl 2.2X. 
cxperimentai curmntJ mrnnlai artcr thcty .C~CIL LI,. r~r.ac~y-svat,! v;.I,,,~ is I,WI<.~ 
1.r) d1pi1.1 the. dynarni~. rorposscs at rrrp chnngc in rcfercncc r p s d  and step cllange i n  
lc>irrl Ilow<,vc.r, f l ~ c s i i ~ ~ ~ ~ l n l i o n  current rcrponrm br II~o~.lcroridiiionscontnin transient 
'6 well ;a rlyr~.~~raic: ~.rpotsus .  
2.7 Concluding Remarks 
Frost 1 1 ~  rval!~alrr l  ryrtrrn pvrformnncrs, i t  can lbc carncludcd that the convrntional 
rpcr,d roulmllc~r like tla: I'IW type in not suitable cithcr lor wide rango of spccd op- 
~ ~ t t l i o n r  or syr l~ :~n lrninrnelcr variations. Yormver, other factor% such ns mluratron, 
~ l i r l l i rbasa~r ,  lempernlurc tnny nl lccl the perbrlnance of Ihe drive with tile conves. 
liosal costmllcr. I I ~ n c r  a12 adaptive controller is required which can tackle the a b o ~ e  
~'c,lblrol rystear pro6lcmr. As mvicwcd in the litcialare, since the A N N  has bcen 
rcx~raclcrc.d as one of l l le pro~nisir~g tcchniquez to snlvc tltc above mentiorled control 
ryrlesl prolrlerns. l l ~ c  spwcl can>troi of the :\NN h u e d  hrurllless PY synchmnous 
,,lolor drive ,meeds to  1,e crdorcd. 
Chapter 3 
Artificial Neural Network Based 
High Performance Motor Drives 
The lerm "Artificial Neural Ndwork (,\NN)" ir \vc,il n ~ n ~ ~ s i ~ c r i  .s 1111. .tl,plw;tliur> 
of artificial it~lclligence. ANNR try to imilatc 1111. biolcrgicill Ihri~is r l r ~ a  turv thn,im~b 
~nnthemntical nlodcls by acquiring knoslc~rlg.r tltruuglt h r i ~ ~ i ~ ~ x  ,m l \IA~I.~~IL t h i ~ l  ill- 
rornlation ~ ~ i , ) g  intcr.ncttmn collllcrtinll rtrcllgt~ls ktlr,~,, *& rgtl;qltir w,.,~I~I~. 'I(I,II~ 
is  evcrg i\N?i, rherc are solno airrllrlo ~nonlisrar rlnla.nrr ~M>LVII  its rn<.t~ro!#~. 'l.l$,..ic. 
tualrnns nrc i~~tprronnrclrd nod Ihr  strc?sgll!s or 1111. izblc~nn!ba,.rlic~~~$ ;nu. da.!#<,lt.d Ihy 
paranderr called weights. Dcpcnding on the lnsk l o  IN. ~lc,rbrtscd. 1111. w.idttx iln 
adjusted eithcr via sorne prercril,cd off-lizs l r .~ is i~~p,  which n.rr,;~it, lirc~l ~ l ~ ~ r i t ~ g  OIII.P 
dion, ar via an on-linc trairling ;dgoritLm that ;,n rc~sli i t t to!~~ly III~~,~IPII .~ ( .~~n l i ! #p  
to l l lc operalisp ~ond i t i on~  by minimizing sons. c,ldc,rli~, ilrt~ctinsr. W l a . ~  h ?l<rin,<l 
crmr is W I , ~ ~ V C ~  I.I,CO,,~~ CI,C I,.SL V;LI~Z,,S ,r 11,~. a v t k b ~ ~ ~  ,trc.o~gt.~l #,r i,,t.~.~ 
mnections are stored. 'The intrrennucctlnilr nllcl tht:ir r t n : ~ ~ p t I ~  pn2vi<lv 1111. II~<.IIICIT~ 
which ia necessary i n n  learn i~~a pmccrs. 
Feed lorward and other lypcl 01 tmoural nc,lwoikr irn. orrcrl to rl,tritr r v ~ ~ r ~ l r ~ ~ l l ~ ~  
Il;lvir~x tllc o!i.linc ndnlrtivc pmporlicr for lhc brushless P41 synchronous motor drive. 
'l'lntr cbnptcr higl~ligl~lr tllc mjrihi l i t icr and advantage of arlilicinl nctlral networks. 
'l'hc: gwr.nl r1nlt:ttrrrm with artiml.inn fusdionr of tbc: ANN arc dixcarrcd. Tho tmin- 
il ;d~~~:"rit l l~n arrd ih this work is ihc hark-propagation. 'The hasic concept of the 
I,;.-k-pn,pa~~tinl~ is also ol~tlined with thc svcigbtr and hiar uprlnting algorithm. Fi- 
~nally, Iln! frnri1lilit.y ofaritlg the ANX for thc interior-type hrurhlerr PSI ~ s n c h r ~ m ~ u s  
~IDVIV~ drive is <lihcuss~d. 
3.1 Capabilities and Advantages of Neural Net- 
works 
,INN% have the mpahililics 01 learning and  elf-organization. Thoy also have the 
c.ill,il~,i~itirs or lrcrrorming massive pnrn~~e~  .hich is in to the vorl 
N<r~o>ans  digital computers in  whirh theinrtruclionsaroerecttled sequentially. ANN. 
I.;Ltl ;,lro provic~o, in princil,~e. significant rmllt to~cmnce, damage to a re," iillks 
I,~,YI ligllifirallt~y ilnpll the OV~C-~II parrorm.r,cc [ i l l .  
I\NNI can risnplily modelinp complexity, often discontinuotns nnnlinearitics, by 
~pnrvi~lirtg basic cun~pattrn~ts nffrlcd to model tn~iny forms 01 I~arsh nonlincaritics. In 
.ahlition. I\NN. c;tn lcnrrn vhnngcs in  paramctcrs of systems with dirontinuou- non- 
l iu t~r r i l ieso~ rrull as ronli~ataas linrarities will, relatively rimplceslimation rechniqucs 
i f  l l tv ,\NN is rlrc~cltxrcd lo  closcly mimic the pllysical process. I t  has been ohrervcd 
l h d  ANN% prow vrry rlfedivo n l  l t~ l rn ing and compensating lor diacontinuaur non- 
li~~.;lritiw rac.b in8 dead t i r ~ ~ c  and saiumtion, which dominate many drives and motion 
I.o,,!l~ol ]proI,ln,>r [iYl. 
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Figure 3.1: A feed forward neural network 
3.2 Descriptions of Mostly Used ANNs in Drive 
Technology 
Two classes of ANN8 whlb  have recaved mnslderable attentron m the area of ANN 
based motor dnves are 
1. Multi-Layer Feed Porward Neural Network (FFNN) 
2. Rec-t Networks 
The artfiual neural ndwork of Ftg 3 1 IS refeted to as a feed forward neural 
network When at least one feedback fmm the output 1s added m the FFNN, the ANN 
ta known as s m-t neural netmrk A general new of a rec-t neural network 
1s shown m Fig 3 2 The recurrent networks have been used m wsoaatlve miemortea 
a well ar for the solution of optmzaQon problem [72] Smoe the pmpoeed work 
a manly based on the feed faward newd network, thla type of ANN rs hacussed 
b n d y  m the follmng sectton 
Figure 3.2: A r=-t neural network 
3.2.1 Feed forward neural networks 
Multi-layer feed forward neural networks have proved extremely successful in pattern 
recopition, image promsing and speech m p i t i a n  1731-1751. These networks with 
back-propagation training algorithm are receiving wide attention in contml appli- 
cation 1461, [72]. Model uncertainty is one of the major pmblems faced by contml 
engineers. For a highly nm-linear, mmpoaite and complex drive system, it is not 
possible to repnscnt adequately the aystezn charactesisties such as non-Linearity, time 
delay, saturation and time varying parametem. Classical control desip uses a con- 
stant gain controller such a. PI or PID which a t a b i k  a dass of line0.r system ova  a 
small range of system parametas, while adaptive contml adjusts the contml charac- 
teristics to stabilize a system with unlmown parameter. in the mbust control design. 
But implementation of the system in real time with conventional adaptive contmller 
sometima becomes very difficult because these h ~ l e  complex computations with 
large number of unknown parametera. FFWNe have enough potential to solve the 
control problems, beaure that haw the capability to ltnrcl syrln~! r l~arar~~.r is th . l  
thmugh a non-linear mapping. 
3.3 General Description of an ANN 
Thc blank circles ahown in Figs. 3.1 and 3.2 a10 kno~vu as 111~. I I P ~ ~ ~ > I ~ S  .r 3.111. tlt.~wOrk. 
These are the information pmccssieg units rvhiclt are h~ t x~ l i ~ t t ~ rn t r l  10 l h r  ~>ix.ridior> 01 
a neural  network. An artificial ncltrnl network a,ssistr of an irlput lihy#.r, .d Iciatit OIII. 
hidden layer and an output layer. The introduction of l l ~ c  1hiclclc.n Inyrr i r  l o  i l>l l~rn~nn 
between the external input and the network oatpal. 'The xoal.ce tludvs ill 1111. itqntl. 
layer of the network supply r e r p ~ t i v c  elemonts of lhc input vrc1o1.s whic.11 ~.eo~s~i~.ulr 
the input signals of the semnd layer of the network. The outpal or this 1nyc.r xrrvo 
as the inputs la  the third layer 01 the network and u, otl. The xrl 111 thv OI~II~II 
signala of the neurons m the olitput or the final Inycr of thc ttrtwork c.otatit~~l.ss !la. 
rcrponre or the I I ~ ~ W O F ~ .  rig. :1.3 .bows tllc nluc~e~ "r 'TI,,.~~. ;,,,. 
three basic elements 01 the neuron model, ~namcly, n a01 of rontne<:ling liuks, as ;slcb.r 
for summing the input signals and the activation r~~nrl.ion. 
In general, the kth neumn can hc rcprrscntcd mnlh~:tr~dically Ily 111. < . c l # ~ i ~ l . i ~ n ~  
-"here h .  h. ,.., IN are the input signals ; WII, Wwrl ..., W*N rm tilt: ry~ lapt i r  w<.igltl.u 
of the neuron k; Sk is lhc linear combined oalpul; Uk ir t l a  Iriiu; j(.) i r llta i ~c l i v t d i o~~  
or transfer tunclion: and 01 is the outptrl signal of lhc ~voarrou. 




m tarns d the led at tts input. The M q  an the typ~cal z b v ~ l o n  
fuoaiona used In the ANN. 
Binary Linear Saturation 
f ~ + ( v )  =min(mcs (G,o) ,I) 
Binary Sigmoid or Tan-sigmoid 
Binary threnhold Binary linear saturation Binary slgmoid 
or Tan-sigmoid 
f ~ i  u 
Bipolar threshold Bipokr linear saturation Bipolar w i d  
or Log-signoid 
F i i  3.4: Graphical rep-tation of activation fuodions 
Bipolar  Threshold 
Bipo lar  Linear Saturation 
Bipo lar  Sigmoid or Log-rigmoid 
IS+(") = !=q 
I + < -  (J.8) 
'l'llc: nl,om ;lctiv%tiolt fl~!~cLior~a are shown grapllically in  Fig.3.4. 
3.3.1 Back-propagation algorithm for the ANN 
A s  ANN mn approximate virtually any u~e lu l  function to any desired level ofaccuracy 
i f  il bar cnaugl~ narnber of rueuronr and i f  i t  has the proper weights and bia~es. 
Ilttbrlanillely, witl~ocrt any prc.imposed .tructam, determining the correct number 
~nvl~ros* and io~tcreonnecting weights is conaidered as one of Lhe major problems. 
Ilorvcvcr, %vrigbl oplimisatian can be performed thrsugh the least square gradient 
clcccsl training proccdere known as thc back-propagation training [71j. Basically the 
back-propilgntion consists of two ~pssrs through the diflerent layers of the network: 
o w  is l l le fonvi~rd pass and the otlter is known na the backward pass. 
Ncstrvork training 
I'osrichr r vvctor set of I' pnirs (~,.p,),(r~.!~~), ..., (z,,!,~), where the "on-linear 
f t ~~~c l i osa l  rr latlo~tsl~ip bct>ccn r ~ n d  is bimn as 
where r E RN.g E R"'. The objntive is lo  !rain IIIV s~ .~ao~ . k  ro ~lb.tt ii lh..~~.~t~ .,tl 
appmximation 
I t  ir to he nalcd lhcrc lhnt learning in an :\NR tlDc.ae6 linciit~g , l i t  , ~ l > l >n~ l~ r i , ~ t~ .  9,.1 ,,r 
iveighls and himrs. I lcnusc there onists ;t >io~>- i i i t ts i  .l >v(.ll .,x 1n~ l t 1  ~ l i ~~> t . i ~~ t~ l r n .~ l  
tnnpping heir-n inputs nnd o~~tl,ats, tlte r lwpcr t  clc-rcrr.1t1 gmllil.sl ir I.I.:I in, I lhr 
algorithm [ill. 
A vntar  sp = (zVt,zL, ..., 2.~)' is appli<~l to t h r  ih~put I.LYCI or l lw  ~n~.t.svc~~k. '1.11,. 
,net input to the j l h  hidden unit is g iwn by 
where tVA iis the weight an thc cannnliorb lm~n lhc ill it~l)tmt >luit to )!la c ~ c . ~ ~ r ~ ~ ~ n  it,. 
lhc hidden laycr and BF is tho hias. Tllc stlprncripl 11 n.lcrr to tJa. q l ~ ; ~ ~ ~ t i ~ i ~ ~  ,,I !la 
lhidden laycr. The output of the j t h  netlron ol  l l la I&i,lclas 1hyc.r iht. wvil1c.n .I* 
For the k l h  neuron, the quat ia t~r  or tllc output sodrs c.nu I,,. rxlrnn.cl ;m 
where bVfj is l l t r  weight on lhc connection lroln l lm j l l  I I I I I I ~ O I I  i ~ t  IIII: I#~<I~IPII lilyvr 
to the k th  ueuron at the output laycr. 'l'llr saprncript o rc.L:ts to 1111. o\ltl>a!, liwn 
quantilies. 
Weight updating: 
Ar ~ncntioncd ahow, thr ~r r ip i l l r  i l ~ > d  bin%r? swd lo  1.r 8t1~1,tlvd \~nlrss .L t l ~< i r~ .~ I  I-rr,n 
gad is nri~ic~cc~. 'I'I~C r,lnrtioll s~v,~,, 
shcre ,I./ is l l lc nun>Lcr ol ol~lp~cls. 
Output-lavcr tvciglit uprlilliag: 
A correclion or chnn~c in w?igi>l AbV;; oos l lw  blb IIC.II~I,II  ill 111~. c)tt11~~1 ISLV(.I I? 
proporlionvl to l l ~ c  issta~lanrnun tn~galivc grnad1~8tl hR/hll i;: .  I1r i lg  Ils. s/~.>i>\ ~IIII., 
lhc negulivc gra<lient c i ~ n  he 8vl.illcs ax 
'ILc use of tho negative sign in  cqtlulincl (:1.18) arroetntr for ~ra.lll.rll. ~ lc~srr~r~ l  ill \vc,igl~l 
.pace. Differcnliating both sidcn ot <rlttrtior! (:I.II), il c.;nn inn wril.(c,f~ ,I. 
wl#r,rr, ,I is .h ~osst;&nt 111at .Ic~lrnsinvr the rnle of lenrsing. I t  i 5  a130 k~~otvn s the 
Ib;~rtli118 rtklr p;lri&!vr,I<:r ol l l ~ e  l~nck.prupngdion aigoiithrn S~tbsli lal~ng cgi~nlion 
1:I:Ll 1 i!,L,> <?<l!,;,li<>?l (:I 2:l) g,vc:9 
wllc~c. h; = (?; -OI)J['(S,") i s  knowa ,as the local grodicnt. llencc tho weight on the 
kll, t~r.urus .XI. llmc!o~~tpul Ihyrr is ~updnted .a 
Mhl~lcn Iaycr wight ~~pclnting 
'1'1~csr;.~li~.1~1 of 110 n~enn.rqunrod error for the hiddcn layer might on thc jlh neuron 
is dvms Iby 
I l iC~rctt l irt iag cq8~nllonr (3.11) l o  (3.14) wilh respect to lhe proper factors yield tho 
'.""'"l'"nclil,g qa.tio!,l: 
9, X'(S8, (J.29) 
(3.30) 
Substituting equalintm (:I 28) lo  (:I : W )  11110 t q i m l i ~ l ~  (:l:?X). LII<.X 
llcncc again applying the clclla nllc. Lhv rbnsgc in, w.igIlI i t ! 11~r  I h i d , l ~  l,ly<.l ONL l lb l .  
j lh ncumll can be writtnl as: 
Tl~ercfow, the updated weight at 1I1a Itidden lnyer on tllr j l h  srennl ;11 ~ h c  ( , L  + I)lb 
instanl is 
B a d  on the above oquaionr, a prac<xltrrc lor I.misirlg tla: ANN 18r i r~  111,. Iawk- 
pmpsgation algorithm i. as rollowr. 
I .  Apply the input vector Z,=(Z,~,~,Z, ..., z ,~ ) '  lo l l ~ c  ihpul 18r8ils. 
2. 1::~It 1t1.ll.c line i l c . ~ - l np~ t~  Y~~IIPS 10 the l~icldcr~ I q ~ r  unit asii~g cquation (3.11). 
:I. l:rl~:~tlnle  ha otltpu~~. from Llw Ihi~idcn layer iuring equation (3.12). 
.I. Movc to thv? otltpnt laytr. Calci~lnlr thr net-irtpul values to rnch tunit aiiug 
t.rl,t%ti<,r, (:l,l:l). 
7. IJp~lnlc wcighls on tlxe oulporl layer using ~~(ulaationr (3.24) la  (9.26). 
8,  \lp<lalc weigllla on i l ~ e  lcidden layer ttriug ogt~ations (3 :37) Lo (3.39). 
!I. C.dc~llitlc! l.111: r:rror lcrrn 6 = :EL, 6:w When the error is ncceplubly small, 
%l.op I.ralliing. 
'Tvn clnsacr of training appmacher draw wide altcnlion in  the applications of 
r\NN:oll-lincnnd on-llnc techniques. Oll~linenpproachesarecl~nraclrrized by dirtlncl 
Ikanling arkrl applicnlion phaace. The ANN is trained on a Bred darn ~ e c  firat and ir 
l l r u  inlaqrled into a contmi rtructure aRer tho training is finished. Image processing 
is n ~p;t?!.icalar exainplo lor the oll.line approach. 
1. ~ o t t l r i ~ i l  l o  this, with on-line techniques data generation and operation of the 
~.ontrol rtrurtcnrc occur simultaneously. This structure is capable of immediately 
rrwtiag to  time-variant parnrneten In the control syrtems. This is why an-line ap- 
pro;wlbe% arc ao n l l m c l i ~ ~  and demanding. The main drawback of this appmaeh is 
the. i ~ ~ ~ ~ r o u i l ~ i l i l y  or proving stability for the overall system. L3eau.e the gradient 
clrscrnt typically occnrr on an ertremcly complex and high dimensional nonlinear er- 
ioi surface, there arc inrtnaccx of iiir1;tbility ~ h r i s g  tlac es-licw Ih..lisirq pit,tn,. 'I'lli~ 
c;m be rcso~rrd by eolt,biiling the ~tr-l,,.. *.I tills ~ , . ~ ~ ~ ~ i ~ ~ ~  
3.4 ANN for an Interior-type Brushless PM Syn- 
chronous Motor Drive 
In an is1erior.type Irna1,lsrr PY ryllrllrollollr ,>iot,,r. I,,."llli,llc,ll llli1p,11~.11 itrc I%ill.il"l 
rvithin the mtor srructurc remilling i n  rt~lonli l  mlor rllrinrr. nrxl rrrllx eel .ti, g.hp. 'l'lai* 
provides an opportu!lity of using this kind of!nutor ill lhigh rpm.cl nl>c.~Uicm \vbll> Ihc.1- 
lcr dynamic periornmt~ce. In addition to l i lc magsrl cns>pot>c~nt f l l ~ v  Isolc,r Iorrt!w, 
some rcluclunce torque is also prcsenl in  the inlrrior-lylw I'kl tm~;~<isinc ,LV ~101.vaI it, 
equation (2.28). Since Lq is larger than Ld ior thc ih~tt~rior-l.ypc~ I'M ~ ! ~ ~ ~ ~ ~ l ~ i ~ t ~ ~ .  1 1 8 ~ ~  
reluctance torque provide. romc adelntagcs boih on ill at,plicidior~ ;unl ~ r ~ l . .  Ilarv- 
ever, the opcrntion or tho interior-type I,~US~ICS~ I'M rysr~lrosolll inntar ir YI.,~,~,~IY 
affected by the rotor saliency and by nimaturc rc:avtiuu 1.1k:at.s [71i], l'ltc,n.b>n.. 111~ 
speed eontmi this type ,notor clcmands *pcu:i;ti iattrld.io~. I'i~lic.~,l,uly, 
the iron nmund tilc mngnetr pro.~llrrs a I I ~ x I O ~ ~ ~ ~ .  .r 11~~. tcltal 
air-gap flux and aficts the hehavior or 111c ~n.vl,inu d ~lilh,rrst olwrrlisp ~.~~r~clit.ic~r~*. 
Thus, an intelligent control of an inleriar-type I'M h r ~ ~ r l ~ l r ~ r  r y s r l ~ n ~ t ~ n ~ a  !ta,lor is .L 
nccesrity in high pc r l o rm~co  drive al,plicatio!~x. 
The lolloring canvcnient ieaturcr cat, bc obti~in<:$ usir~g llla ANN is lhi~lt 18c.v 
iormrnce dr iw applications involving tho intcrinr-type bn~rl!lcr* I'M 9yf1rhrefto8ls 
motor: 
System knowledge 
A R N  can Ir.: !urlrl in  an iracrior-typc 1P.M lhnrshlcrs syncl>rono~zr motor drivc system 
will#c~llL prior ksowladge o l  thc ~.xact syrtcm mnodrli$~g and nrruratc $,alucs or ihc 
ryrlc.,,, ,,*n,n,c!L,.rr. 
Tuning eomplcxity 
'I'III. ,l<gn,<? or pnr;~nc.tr:r variation in I hc I'hI rynchmno8is molar drive ~ystoms diffcrr 
ia.ronliug l o  l . 1 ~  conlipamtion or tho drivc systcms. Parameten may change becauie 
o l  the: opc.rating msclilions, rtlcll nr thc iscrease o l  rcrislance with the tempmature, 
rlirl c.ltiu8ge is iscr tk  ~IIC l o  mrchnrnical load. T l ~ o  ANN is nn erccllent tool lor 
~para~nc,t<:r rdrlrtation pnrtin~larly il 7,sc.d with an on-linc learning technique lor a 
I,rt~rl~lc,sr I'M 5ysclim~~otts tilotor clrim. Ccrlnit~ly, on-linc training lor motor drivc~ is 
2 1  lh;mi (.ark r>pcriitlly lor high pcrlormanceclrivcs, hot tho ANN can be very effectim 
i t ,  r.vrral sil.ai~tio~ls s ch nr changes in  inerlin or the appiication o l  a sudden land. 
Contro l  efficacy 
'l'la: ~ u ~ r o l  l l lc ANN i u  ths? hrurhlcss PM synchronous motor drive can a&r a conve- 
ntictxl, way 01 ~ o x ~ t m l  ep~c ia l l y  when on-line sell-luning ANN is applied. 
cos t  
i\r lbe clcmcttt thal movlly nficts lhc drive sptem choice in the majority of appii- 
eiltion$ svltrrc othcr irslles such ns svcight, size and reliability are not relevant, the 
rrrrl 01 uxitlg INN could be one or tho main concerns, since high apeed digital signal 
Iprncrhaora arc r ~ < ~ d c d  lor tllc on-line computation. But when compared with other 
existing rdnptivc <onilroilrrs Ior liigb gl~rfonasarr clnw applicath,i~r ~1tic.h r$+r.cl rc,- 
pltisticnlr~ and crprnsiw rotltnrl Ihnnln.are. tlw lac. or l i t *  .\ST ill 1111, I,rt#rl~l~.r.; 1'11 
synchronous tmotors may b r  cost coinprti~irr. 
3.5 Concluding Remarks 
'Tlw main objcctivc or usitkg tho ,\HN is t l l r  r~r lc r r  ,-n~,fn,llrtl I ~ I I v I~~ ,~ .~~~ ,~  I h , ~ ~ - l t l ~ , . ~  
Ph,l synchmnotts molnrs is l o  acllic,c robnsl rpn,ci m,,trul ~lttclrr o~a-linc. ~p;,r;~l~a.l,.r 
variations. Since thc eqsaliosr o l  lhc I'hf rynrl,roso8~ tu~olor is  <I-q i ~ r i r  n>lol n.1 
erenec irnmc are similar lo  lllosc o l  a srpnmlrly crrilcrl IIV ~nwlor. 11 ir s c ~ r l l ~ ~ ~ ~ l ~ i l ~ ~  
lo  evoltiale the perlarmnnco of an r\NN Tur i l l r  rl,ql.ci ranl.ml or ., I'M rua,ltr. 
Tbia provides n leal bcnch lor lhe r\NN 1,;14e1 I'M rnolnr m~olml, ,\r .t!t i ! l l<~r.l l  18.1rt 
of lhie investigation, the spmd control o i  n I'bl $1. slchor ouritlg tlr. z\NN I h ~ r  1lfr.l~ 
succnsi~~lly developed and implemented is 1 1 ~  l; l,ordury. Ib.lnilr of IIIV I\NN l,;,n.cI 
P Y  dc motor drive ryatem are presenlrrl i n  llle srrl, rl~;%],tc.r. 
Chapter 4 
Artificial Neural Network Based 
PM DC Motor Drive 
'I'his c.l~aptei pn.renl.s nn on-line *elf-tunisg artificial neural nctivork (ASX) controller 
Ibasal aptwi control srl~erneofa permanent magnet direct curienl (PM dc) motor. In- 
slcvul of tusisg tltc Rxcd weights a t~d  hiasc~ of the ANN, an on.line training algorithm 
svilll ;alapliw Ic.nrnisg ralc i r  intmduced lor precise speed control. The complete 
ryrtcrn is implenlenled I" the real-lime using the digital signal processor controlier 
lhoi8nl on i~ Ial>ordory PM dc motor. Thestabiiltyover srvidesped range isobtained 
~tring AN ANN sr.n$ctere will? a local lccdback provision. An experimental ANN con- 
tmlkr  ~u?iing 111~ PllNN structure end back-propagation training algorithm with one 
I ~ ~ l b a r k  loop is pmporcd. Tlic performances of the pmpored scheme are evaluated 
asdrr cliffcient operating condilions i n  order l o  validate its efficacy. The expmimen- 
l;d n?iallr ahojv t l t r t  ltle r\NN conlroller based speed control scheme of a pern~anent 
tlmgt!et dc tnotor i8 robest, rccurate and insensitive to parameter variations and load 
~ l i s l ~ ~ r b a ~ ~ ~ t ~ s .  
4.1 Brief Description of the PM D C  Motor Drive 
Although relativrly cyprssiv~. d c  nmolor.; mw rt i l i  \vidrly ~ s w l  i l l  Ihi%l> pl.rhlna.~scl. 
drive {BPD) applications b u r a ~ o  1L.y an. n~li;tLl,~ ;,,,,I t,c.oy rssy 11, ,.1101 ll,#<. 1,1 $11,.
decoupled nalttre of Ihc field anrl aiiaal<trr e!;>g$a.lo~tloti\~~~ bn rr (Xlhll:~). .\val,sog 
the cntnmoniy urn1 t<va lyper of dc ~m~~t.ors. nilrlivlj. ~ c . ~ . w i ~ l ~ ~ l y  ~ ~ ~ v i i ~ ~ c l  ,11111 I1X1 IC 
motors, the latter has the ,%clrmtag !hat i t  doc,. $n,t il~quin. .A))$ ~vrlrr $1,. h~~ lq> l y  hm 
the field as the permant~st n ~ ~ g n e t  itsrlf avls ,IS rourvr ~II. IIIIX. l.lltlh 111~. I'XI 
clc motor ir compact in  size, robart aclrl ~ ? l l i c i ~ ~ ~ I .  'I'hv (.otnplt.L~ 1V.1 4,. ~!~t, lor II~VI. 
tnodcl is ~ ~ n ~ p r i s ~ d  of l l ic following romponrsl&. 
I. Sped  controller 
2. Control circuit 
3. Power amplifier 
The block diagram al  the dc drive la sl!oan is I?ig. .!.I. l'hc rl>nvl of 1111. I'M ~ l c .  
motor can be cantrolld only by =hanging t l ~ c  illplrt n,llago $a tl~,.n. 1s ~,rovi?i<,!~ 
lor ~ ~ ~ l ~ ~ l l i n g  the flux. A dc.dc convprlrr iv llsllrlly uxcrl to  lprt>vills tlw ,~vrrri*ary 
voltage to run the motor. Now-*days an efiricnt powsr arnl,lilier ir br.ing ~ustrl 1.1, 
drive small elmlric motors. An ihlp18r ronlroi voltitgc, whl r l~  is 111,: 1>11111811 (11 i t  S ~ C Y , ~  
controller, is applied to the low voltage illput port a l t l ~ r  pcrwc?r i~rnplilir~r. Ib:,r,s,linl: 
on tile amplilude of the control valtagc, thc outpat vnll;k&r: <:;,!I Ibc: 1ira:rrly ~orttn~ll,:d 
high voltage ot the high voltage port of tho ;b~nplifier 1771. 
control fzHpHz controller hait amplifier 
motor 
F i p  4.1: The PM de motor drive model 
4.2 DC Motor Drive System Dynamics 
In sp~te of the fact that ~t a not mandatory to obtam a motor model 8 the ANN a 
u d  m the motor mntml system, ~t may be d b  domg so fmm the analpa po~nt 
of vlaar m order to estabbh the fouodatlon of the ANN structure 
The dynarmea of the PM dc m t m  dnve spten can be desmbed by the followln~ 
equatrona [I] 
rvhcre d l ) .  %(I)  and 1(1) are 1Lc l i l w  riliyiltp, 13>1 dr lllolur I ~ l t l i i ~ o . l l  v~Ili~g<~:(.. I!d L- 
r m l  and ni!nilrl!re rllrrmlt. rc-pcctirc.l?: +(I1 is the. rnnlor *I>I.OII: 11. .!11~1 I.., ,mt. tbc. 
arnlal~~rc ~,sistancc a!tcl i n c l u c ~ ~ ~ ~ c ~ ~ ,  r ~ ~ s ~ ~ c ~ ~ l ~ ~ ~ ~ l ? :  I<,. .1r1<1 I<, .>rc, t lw t t w t < w  lh.~t,k.t,~~~r 
and torque msrtnnts, rcsl,ectirrl?; 7'(11. '/;(I) a ~ ~ i  7; ;an.Ihc, ~ l c~ r r l a l , ~~~ l  tonlo~t.. II,,,~ 
torquo and lrictiooal toiqoe, rcrl,cdirrly; .I,,. ;ud 13,. nn? l11c ila.itia ,tttcl ~ w < o t l r  I.I,II. 
slants, rcspeelively. 'I'lle rrlnlinn bc l rcm li~r loacl Inrr~la.an<l r~lcr,cl ct111 ~IISI.T~IN?I 
hy tho Iollowing quation 1501 
wllerc u is a constatct trxd to !nodel a so!>-lixwnr I c ~ i ~ l ,  i\ll.ltoa$lt 111%. leal lt,n11~,, 
cxprnsed by equalion (4.5) is nsssmctl to I*: a hll or propellcv lypr  lor 1111. r ~ ~ ~ ~ l ~ . l i ~ ~ l :  
purpose, i n  real lhlc i t  is tu~~cortnin and ~ls~oally Ih;a ~uink~~tnv~t 011-1i!#c.nr ittc,clti~~birid 
chnracterislics. 
In  order to makc lhc control lnsk en~irr, the I'M rlc 111o1ur dlivv xyx1~.111 v,m 1~ 
expressed as aringleinput singleoutp~~I, 8yst1111 by ~ o r ~ ~ I ~ i i i i i i p , b ~ b ~ ~ ~ ~ $ I . i o ~ ~ x  (,I.!) 1x3 [~ I . l ] ,  
gtving 
L ~ J ~ - ! + ( ~ J , , , + L ~ D ~ ) ~ + ( I ~ ~ I ~ , ~ + I ~ ~ I ~ , ~ W . ( ~ )  
t R ) +  - ( I  ( l . l i) 
The discrote tirne model can be derivrd by a~br l i la l ing crl~~nliora (4.5) inlo c,rlnt;dion 
(4.6) and then replacing the cantin~rotrs quarslilic3 Iny tla! linilc? ~lilk!n:sc~! arjn~id.ic~vr. 
giving 
a11c.n. I<,. li,, li.,, li4. KT nllrl iil, XR: ~ronstnnts and can he expressed in terms of the 
~raollr p;~r;~mt.tc~s. II ?: is 1;~kss tho sampling pcriorl. the cosrlasts &re g i rm  hy 
'l'l~a I'M clc slotor paras~olcrs are givon is  Appcndix B. Equation (4.7) can fuitller 
1 , ~  slodiliel l o  ol,tnis llae inverse dynamic model of the drive system as 
~vllnr! 4(n) is tllc control voltage of a power converter and is linearly proportional 
to 1.111; terminal voltngo "(s). The right band side of equation (4.14) is a non-linear 
Rarlction of tllc spced w, i~nd ia given by 
'TIN, ~ntrpoxc 01 using the ANN ia to map the non-linear relationship between the 
cotrlrol wltagc u,(n) and 1110 rpwd w,(n) or the dc motor aemrding to equation 
(,I.I.I). l?rlsrtiot~ (,l.I.l) rrvcnls the structure of the ANN for the speed conlrol of the 
I'AI clc lmotor d1. i~~.  
4.3 ANN Structure for the PM DC Motor Drive 
The lnort inlporlnot lrsk of rlesi,gi$it\& an .\SS lo clrlcrini8~. 1111. 11111111~ .11~1 (1111 
pttt(s). 'rllc invcrre dyiiamics tllr P ~ I  ,IC (lrin. CIG.W~.~I,,.CI ill (.IIII.l~I,lII 
(.I.i.I) basically dictates the isptlts nsd outpnt of thr  ASX tnrrml in  (la. clrjn. .;rrlvlu 
under considerdion. 'TIE inpbth to Lh,~ .\NR am $1~.  bfl- l~sacl ride ol cqselit,t~ [ I .  1:). 
d,(n + ~],W,[,L) d , [ r z  - I), i.<,, I,C I.I,TR> C,,,,~,.<.~LI~V,. V~I,,,,S ,r ~l,t..,~. 'I'I,', cc,p. 
responding oulput lilrgcl 1% the rnntrol voIl;>,gt, r;(n). 'TI)<. IIIIIIII>CY ~uf lhi~ldc~t 1.1y1.t~ 
and toumbor ol tlearons i t ,  lhe l > i ~ l c l ~ r ~  layer i>rv r h o ~ ~ ~ t ~  Ily Ir i i l l  .IIIII <TIOT. k~vpizn~ 
in  rnind that the smaller thr rn~~nhers arr, tho b r l t r r  i t  is i !~ trrmr o l l > t ~ t l ~  I O ~ ~ ~ I ~ ~ O T ~  
and time requirement to itnplcmerlt 1110 I\NN in  !ha. nlolor couln,l. I'hr 1ht. lpn-;<~~il 
work, n ntruct~rre of one hidden l y c r  hilvisg rBn:a nr.tmn,l#s giwr rtrl.irbc.lc,ty 8c.it8mlr. 
The ANY structure without a local kerlback provirion for 1111. I'bl rlv rttc,lor t1111.t. 
is shown i n  Fig. ,1.2. The activation or lrassfer Rxi$n.ionr lusc~l !I, lla, /hidrlt.r~ .LIIII 
layers are log-sigmoid and tan ~ i g r n ~ ~ l ,  rc.il,erliw4y 0 1 ~ ~ .  l l t ir Ih.triv ~ l v r i ~ l t  
of the ANN structure is done, the next slop i* lo c l u t c r n ~ i ~ ~ ~ ~  rlr: %n,iglllr ;t!~aI Ihi.%n-i 
of the ANN through the training la nchicvc llko spc!cilIr 1ikrgr:l will, lhc. gtvr.1~ in#l)?#I#. 
The back.propagation trailling nlgorilhnl is oised for Illis p~~rplw:. I l l . p l . ~~~ I~~~g  (II 111~. 
~ ~ ~ l i c a t i o n s ,  the training of the ANN could hr olf-lill<? UI OII-I~!~,.. I f  1,111. w(.idtls i~rlcl 
biases of the ANN aredelerminccl thro~tgh t l ~ e a ~  lint traisi,~,gc~sly. IIIv~ ;,ti i!~Irsrivt. 
training has to he performed cotnriderir~g nlsnost all opc.ralif#g ~.ol,~litionr nf 1181. 111.ivr. 
system which is almost impossible lor the control ol ;r I'M rl.: ~mvtcrr. Ax for <.x:n,t#~>lt. 
i n  relerencc [5O] ,  the load ir modclnl by cquatiov (,l.k) wl~i<:l is ~ ,o t  ialwi~yr 18,rnu.l. 
i n  all practical siluations. llesce, the ~ s x d  lor os-lirltr wc?i~bt% and I>iirwr ~up$llLir$ 
arise,. Ho\vever, the on-line ttabdng t a ~ k  rould In: en;*:d nn.1 (la: \yrtmn I u, I,,: ~ n r l e  
Figure 4.2: ANN structure without l o d  feedback for the PM dc motor dnve 
>nore stable i f  an itt i t id set 01 ~veighls anti lhinscli is p r~ l v f i ~ t r d  .I ~priori IIIIOII~II th,.
off-line training. A combinrliatl of oll-iinc ascl ~ool-litlr lraiitisgr lhux Ih1.1.11 I I S ~ ~  h ~ r  
lhe preaot work. 'l'hv iktilial \veigl>lr ancl hiarm :an. ~ol*ilit~t.d 1 h ~ ~ ~ u p 1 ~  lht, c ll-iitt<. 
Imining. These are updillrd only whm as rrror l i lni l  IX.~$VIY.II IIW . ~ ( . l i ~ i t l  ~ > ~ ~ l l ~ t ~ t  i l ( s l l  
the target of the I\NN ercecds n lpresrt mlar. 
4.3.1 Off-line training for the initial set of weights and bi- 
ases 
Data for the o6line training rat! Iw obinirecrl ciilicr Iry rixnnlnl.iott or Ihy ~ . x ~ ~ ~ . ~ i ~ ~ ~ ~ ~ t  
depending on the availability 01 1110 rnator pnranatc,ni. I1 LIIC, ~mis l~r  p i l ~ . . ~ ~ ~ ~ ~ . t ~ . ~ ~  lIII. 
not nvailablo, the motor can be run on open loop rnci ihp~nl. VOII~~<W iuld o1111~111 
speeds can be recorded under different npcmtisg rot~cliliooi~ trr gc.nt:ndc. lh: ~ ~ d ~ ~ i ~ ~ ~  
dala for the ANN. I f  t,he motor parnmctcra arc rvn i lJ l r ,  c.cltu;>tias (,1.15) r ; ~  Ihc. ~ l s ~ r l  
to generate randornly the input pattcrna of [w,(rr + i),w,(,l),w.(n - I)\. '1'1. <,MR.- 
sponding target can be generated by using thcrc sponl valtas and li,. 6.. lit, K,, h i r  
and lie in  the right hand ridcof quation (.1.15). Fur the lprcscst work, oll.lit~t. rtilin- 
iug data wereobtained l y  simulation using SIMUI.INI< (701 ih ;a# op<,r~-l<~ol~ I'M clr 
motor mntrol scheme by eonsidcring the l o d  sr clercrihml hy ~ . q l r ~ t i ~ r >  (1.5). '1'1,~ 
&nulation is carried oul at  random voltages it, order l o  ol,li,i,~ v,,ri.,ltr rl,,.f.llr 2":-
cording to  the specified wltagcs. At fir.1, thc r im~~lnt ion dr la  fin apfnl nrul volln*! 
were down sampled by 20 limes, and finally ~ w o  *cb of < Ida with 601 S ;~UD~~IC~ wt,n: 
obtained. A window length of three [u.(n + l ) , ~ , (~ ) , ~ . ( n  - I)( w;a ~liclerl ovr,r IIIO 
entire speed rnmpler and an input matrix of six* :I x 301 wit* lorrncd. 1'111: e#!rptn 
vector of sire I x 501, contains the lorrninal voltage data. 'I'Bc! ~>lf-li,t<: 1,r~inin~. o f t l ~ c  
ANN is performed with lhcse training dala !,ring lhe Irrck-pmpigation ; ~ l gn r i l l ~ s~  of 
Tabk 4.1: Imtial weights and biases of the ANN for PM de drive 
the MATLAB Nnval Network tool-box [78]. The ieitial set of weights and biases 
obtained thmugh the off-line training is given in Table 4.1. 
4.4 Real-time Adaptive Speed Control through 
On-line Tuning of the ANN 
Thepnncrpalobjectlveof the mnbl & a n  to generate the proper terrmnal voltage 
for the dc motor w that the motor can track a reference speed w,.,(n) In the real- 
time, a mntml voltage ".(") m generated by the ANN rhch a fed to apower ampMer 
mcwt The output of the power ampMer la qpbed to the t e r m a l  of the motor 
The complete mntml acheme 13 ~Uwtrated UL F'g 4 3 The reference speed trajectory 
a selected ustng a wand order referenu, mod4 that & the system asymptotically 
stable (50). The rercrencr ~ n o d ~ l  c a i ~  be clescribrd 15 tltr roll,,~vit,l: nlastionl 
,"hero a, and ol arc ronstnntl chorcll lor A rpecilic r<,lc,rn>c-a Ir.tjcclory ?vllivL e.#>suw. 
tbat the polcs nt~d zeros or the rcrerrncc tnodcl arr will!in the. tunit c.ilrl?: r,(nl ir IIIV 
1bounded input to tile rercicnce TI," V.I,,C or I.(,,) I..ls 11,. r,~c~a~;ltcr~ I,,.~c,IP 
band asingequrtion (.c.IG~ lor a dnired rcrerellcc I~,*,I u:(n~. 11 LIXC, tnlkillgI.ln,r ix 
nrs~med to be and since tho aolccted n.rerct,~c model is ,IX~IIII)L~II.~~~I~ *L;LI~I,.. 
the rotor speed at the (n+L)th sample can bt: prccliclcd (roan ~.<l!l;rlllm (1.11%) ax ]111] 
H~~~~ ,~ i th  one mwnp~c 01 ~ ~ d i ~ t ~ d  nllc~ t,ro nnml,~el %CI.~,~I hl,c.l.l~. ., llllvlll 
sequence p.(n + I),u,(n) tw,(n - I)] ir fonnerl and sn!rl r s  tla. i ~ l l > t l l  I,<> 1.11~: ANN 
us shorn in  Fig. 1.3. With the initial weights nq~cl biw.a ;md I.l%is n,clta?s.o or 
input, the predicted dutput of the ANN, <.(n) ir cump~~tc!cl, llriclg arl.!lid hpc,c,rl 
~ m p l e s  [w.(n + I),w,(n),w.(n - I) ]  ns an input x~rp~n>cc, a~,dbc?r aatphl. r,,(n) ix 
also computed and compared with <;(n). Thensullingcrror ol<,(n)-u,(n) ia ~as,rl to  
update the previous set of weights and biases ?using tile hack.propa@tlioo itl&~~ril.lh!~. 
I t  is worth mentioning here that the lwo ANN8 shown in  Pi&. 1.:l Ihavc: 1111. rius,! sc.1. 
u l  wights and biases with lwo dilferont sets of inputs md 0\1ll>t11~. 
The weights and biases are updated at cach inal.ut <!ring rhr is lpa~ar l  1,s.k- 
pmpqation algorithm a. illt8alraled is  dlapter 3. Thr rninintirc<l ormr R~s<lic,s ix 
piyen by 
Ftgure 4 3 Block dx lgsm of ANN mntroller based PM dc motor dnve 
(a) Output layer weights and biases update: 
Weights and blase= afthe output layor arc updntnl a: 
whore i) is tllclcarning rate and Q(n) ir the lord gradicr~l ill lht:11111p1~1 ILtyl.r .~81,1 is 
expmed as 
= e[n)*~[  ) [ I  -Si[n))O:[r~). 
60,(n)" " (.I.P2) 
(b)  Hidden layer weights and biases updnte: 
The updated *eight at the hiddon layer cat, Ix wriltco a: 
W;(n t I )  = Wtln) t rll:(n)l,(n). 
~ : ( n  t I) = @(n)  +r&(n), 
w h e ~ t h e  local gradient at tile hidden lnyor ia mpmsscrl in 
In tbc rezl-lime irnlrl~mentalion, tho error i. calculated at  each instanl and when i t  
gorn lhr:yorld n pradelcrrnind luvel, wcights and biases updating procedure is enabled. 
I f  lLc! cirar is wititin line prcscribcd level, lllc prevlour sct of tvcightr and bins= is 
kc,pl i t t tw l  In rarnllltle the conlrol voltnge. 
4.4.1 Adaptive learning rate for on-line weights and biases 
updating 
!*or lligh prifnrrnancc motor drive application, over-shootingr and rnpanse l ime. 
clc.., are mat: o f  the main mncerns. I t  has heen ohserved lhat the learning rate 
of rLr: ANN is r kcy lactor which atecls over.rhooting and response lime. A faster 
I(:an~ing rill< gives over-shooling an llle sped and slower learning rate make. the 
rrrpesge tist: loo rlo>v. Therefore, lor on-line updatingof the ANN, a novel leature 
.,fal;lptiuc Icnrning rate is  incorporated as shown i n  lhe flow chart o f  Pig. 4.1 (701. 
4.4.2 Modified ANN structure with enhanced stability 
1. lltc prcwnt experiment, the propored ANN9lructure is modified to include a local 
rn~llmck loop as shorn i n  Fig. 4.5. Tbc modified configuration d t he  ANN provides 
greator stnl,ility on t l~cper formanc~ol the motor contmller [53], [SO]. This structure 
wntka ~ f t c r  irlitialicdinn wi th  the strudure shown i n  Big. 4.2. The swllching of the 
1l.n8clitres is eorbtrolld by soft!vare. 
4.4.3 Laboratory implementation 
?'I. I N N  rn~~l ro l ler  based PM dc motor drivesystem was implemented in thereal- 
tirue w ing  llle PC based D4P contmller board. The achematic diagram and the 
R e d  w:, w 
Compute I b . = w : - w .  I 
Figure 4.4: Real-time operatiid flow chart for weights m d  bikse. updating with 
adaptive lea+ rate 
34 r. 
feedback 
Hldden hym Output-layer 
Fyure 4 5 Moddied ANN structure wdh feedback loop 
DSP-DS1102 
Figure 4.6: Schematic diagam of ANN contmUer based PM dc motor drive system 
,+ Load 








laboralary set.ap of the drit,e systc~ns arc rhown ill I'ips. I.li. :evI .l.i. n~s1x~1.1in.l~ 
I n  Fig. 1 . i .  the test and londi~~g tnotnrs are labelt4 'Ll'l" and 'hll.'. rrr~r,rtin.l!: 
The DSP controller board DS-IIO? is ihnlallt~~l ihlsiclr lhc. connlr>trr l nb~~ l t ~d  'I,(". 
The labels 'P,\' and ,CUT' rrl,rrrmt thc 1,orvc.r aml>lilirr .lsd <srrrst Irr~>r<l~lc-t.r. 
mpectiuely. The tarho-generator nttadlcd 1.0 tbc l rs l  cnlolor is I .~bv lc~~I  "l'(:'. 'VL, 
solttvare program was wriltcn in C language i n  nnlc,r l o  irnlhr tl~c. ,\NH stnlrltan. ill 
the renl.time. The weights and biases o l~a incd lms  !.he o l F l i t ~  Irilioirlg $v\.~.rt. txt.tl 11) 
initialize the rplern. I t  is n common prilrLice lo  ax *?.. nlrrc.111 lc~~dbilck bliltxi1 11%~ 
motor carrent in the speed conlml o l  a motor clriw rync.sl. 191 ll8ir work. 118~. ;a.l~#aI 
motor currenl is sensed by Lah-volt currcnl trnsrclacrr ;%!nl a,tnlr&n.cl wil l? 8, ~nc,n,l 
peak due .  If for any reason, t b ccu r r cn l r x c~~c l~  lhc p n r d  val!ne, 1181. roulrci vc>ltng 
is fo~eed  t o  remain at its previol13 rnmplc to l i ln t l  lllc co~m.sl. r\ l.dio-~.!a,r,tlor w;u 
used toacquire the sp-d. The l peed siglal is led to L l~c?I~#~i l l - in  r\/l)c.orta~rlc~r <,I thv 
DSP board far processing. Thmugh the I)/,\ colnn.rler of tlic. I>SI' ~.o!lt.rclll.r Ilcltml, 
the control voltage v.(l) was led to t he  control porl of llr: pewc,r ;xml>lili~:r. '?I#<. It ipl~ 
voltage port ol lhe power amplifier proviclas t,hc rcqaircd tr.nni!~al vnll.;rg<: r ( l )  1.0 I.I,I, 
aimat~>re o l  the experimental PM clc "lotor. 
f i r  purposes, a proporliosal-inlcpl (1'1) rostnr1lc.r h.~~c:~l I'M IIC 
motor drive system war also ~levelopnl and cxparimost;~lly irnplc~ro~c?st~!cl. 'TIIS. 1'1 
cont~ollcr was designed lor the critically dampcd n.;ponu! of l l tc slx,td will, 1111: lwrl 
estimation of  thc motor oararnelers. 
4.5 Results and Discussions 
11, t l l ir work, rwc.rill expcrirnr,nls were lpcrformcd lo  cvaluate the performances 01 
Ihc,ril rho 1'1 rot~tmllcr ;~!ld ANN co,>troller hased P41 dc malor driwv. T l~e  speed 
inr~cl otrn.nl, mpossca lu!ldcr v~ i iour  operating condilions mch as change in  rcfercncr 
rl'~'r1, l lvp rllilrigc ~n load, and pararnclrr vnrinliona $vercohrcrvd. Speed rcspanscr 
IIDDIIIIICIIICII it, tllis O C L ~ O ~  LIC wllagc signals obtuincd from n dc 1;tcha-generator. 
'l'lo..~~. were n~n,rclc~l i!, x s~oragc type ~rcilloscope Tcktronix 2212 Currents were 
~r~r.aatm.rl h y  n I.nb volt rllrrent tranaclucer and also recorded in the oscillorcope. 
Sorr,c? *nmplc rlrlrlls am ,,resented in  this section. 
'li.rlr wrrr pt~rBrmm1 l a  obtain t h e  rpecd rcrponses lor varying reference r p w d  
~nr~drr ria lnncl and h8ll load rosrlilions. The updated tveights and biases for the ANN 
controller lor variotla nperatirlg condition. are given in  Tables 4.2 to 4.6, Pigures 
.l.U(a) ntld (h) sllow tilo rpecd and corresponding armature current responses o f  the 
1'1 cottlmller based system under no-load condition. Figur- 4.9(a) and ( b )  show the 
tc.rpoem 01 the ANN cnc~tmllor hnsed drive under identical operating conditions. 
 SIP^.^ r?.sponm i~nvo nlro been obtained for varying reference speed under full load 
~ o ~ ~ d i l i u s .  l?igures 4.10 and 4.11 illustrate the rnponaea of PI contmller and A N N  
roslro1h.r based systems lor this operating condition. From Figs. '1.8 to 4.11, it is 
(nhsrrvnl that 1110 pcrfornnanccs 01 the ANN contmller based system am betler than 
lhorr  01 tile 1'1 cantmller baed ryalem. The PI contmller based drive syatern ha3 
lllc prnhlcrn "lover-shooting nmund 200 rpm when then is a change of reference 
I;IM.P~ k,r 130111 the no load and hdl load condilions. On the 0th- hand, the speed 
n,xposrc of the ANN rontroller bared system is rnore robust because of the on-line 
ltttling 01 the ~ucighta and biarer as well as the ,adaptive learning rate feature. i t is 

1:d1111 1.,1. 1irrrlal~:ci %vr~i-i#l~ls illid hi=-eb (vilh J.. - 2Jn at frill lox] 
r sIvI I 
'L~lllc. .I.* Updrled wrigl8ls and biases wit11 R. 4 2 5  at no load 
NIVl 
possible l a  reduce theavcr-sliooling of 111c PI cnsl.rullt~r Iby cicliigxli~g 1111. r l r i a s y s t ~ ~ ~ ~ ~  
n l i t t le more undor.damped b u l  in  l l l i i t  mrc, 1.111, ,Iris. %y*lc~s IIIV<>IIII~X I< I> sltoxgisl~ 
compared to the ANN coillmller baed nysl.cts. 
Fignrw 4.12(a) and (bl show ll~enpecd i h t ~ i  ~ \ > r r w t t  I<.SI)I)II$IT cof 118~. 1'1 ~ ~ ~ ~ 1 . ~ ~ ~ 1 1 c ~ r  
b a s 4  system lor a step change al  loari. 'TI!*: niolor v;tr r \ ~ r l ! ~ i r l ~  d t w  IOIVI ~ . o ~ ~ d i t i ~ ) j t  
and alter s m e  time the mlml  load was applial ~udd1:111y. liigtm~~.. .I.l:l(>~) ~ L I A ~  (11) 
show the rnponses of lllc A N N  corttroller h h ~ d  ryrlem ~ u s d ~ r  lhir opc.rrtir8p cwtcli. 
lion. The ANN adjusts ilt weights and lbin3c.l or~-linc. l o  Illis 1.11,~11fiit#g ?in II~~~~I;LI~C(: 
of sudden load impact and providu the apprnpriac: crr~~lrol vr,llap.rcr t,lort t lr.  ,Aria. 
system responds according l a  the rcforr~lcr sptr:cl. I1 ir i l ~ i r n  rlo~il.c:r:virlc:sl fn~ru IVips. 
4.12 and 4.13 t l lal l l le pcrformnrlru a l  lhc: r\NN c-or~lrcrllar 1lnn:rl \yrtast im. v~q,~,ri~,r 
to those o l  the PI  contmller hnsed syrtem. Ar cia, Ihc: im:rl lrom liip. 1.121;~) for 1111: 
P I  coutroller bmcd system, th. aprcd dmpr Iry nlro111 (ill0 rprrm d l b r  peisl, or l b ~ l i r ~ p ,  
whereas lor the ANN conlmller bawd syst8:na. tbt. al&:t of l o x < l i r ~  os s p ~ ~ l  i* v v y  
Figure 4.8: Experimental malts of the PI controller b d  PM dc drive system with 
change in reference apeed at no load; (a) speed; Y-scale: 2 krpmldiv. (b) current; 
Y-scale: 2 A/div. 
2v 2. G HOLD 
F i  4.9: Expdmental -Its of the ANN controller based PM dc drive system 
with changein reference speed at no W; (a) speed; Y-scale: 2 krpm/div. (b) current; 
Y-scate: 2 Aldiv. 
2V 2.0. HOLD 
Flgurc 4 10 E*penmental results of the PI mntroUa bared PM dc drive system mth 
change m reference speed at full load, (a) speed, Y scale 2 krpm/dzv (b) cumend, 
Y scab 2 A/& 
Tr1q -0. OV CHI 
$ I I !(.)I 1 
-- 
2V 2. Oe HOLD 
Figure 4.11: Experimental zenults of the ANN contmUer based PM dc drive sptem 
with change in reference speed at full load; (a) speed, Y-scde: 2 krprn/dnv. (b) 
current; Y-scale: 2 A/div. 
m. 
2v 1.0. HOLD 
4.12: Experimental results of the PI controller based PM dc drive system with 
step change in load (a) speed; Y-s& 2 krpm/div. (b) oxrent; Y-scale: 2 A/div. 
Figure 4.13: Experimental results of the ANN contmller based PM de drive system 
with step change in load, (a) speed; Y-scale: 2 krpm/div. (b) a n t ;  Y-scale: 2 
Aldiv 
Figure 4.14: Experimental results of the PI mntmller based PM dc drive system with 
change in inertia J, + 25, at na load; (a) speed; Y-scale: 2 krpm/div. (b) cumnt; 
Y-scale: 2 A/div. 
Figure 4.15: Experimental mults of the ANN mntroller based PM dc drive system 
with change in inertia J, -r ZJ, at no load; (a) spRd; Y-scale: 2 krpm/div. (b) 
current; Y-scale: 2 Ajdiv. 
2 V  0.20s HOLD 
m. 
5 V  0.20. HOLD 
I'igttre ,I.lli: Rxprrimmtnl results of the PI canlmller bared PW dc drive system with 
rl>itnge ih! inertia J, -, 25, st krill load; (a) spml ;  Y-scale: 2 krprnldiv. (b) currcot; 
Y-scale: 5 r\/div. 
Figure I.17: Expcrimcnlal ~~4181:s of the ANN mr~trollcr l n w l  I'M dr dria! rYbll,!rr 
rrith change in inertia Jm -r 2Jm at Rdl lorl; ~ ~ ~ c v : r l ;  Y-.icrl,!: 2 krpw/rliv. (11) 
carrent; Y-scale: 2 A/$iv. 
ir>4gnili<:$~nt as illustrated it, Fig. ,l.13(a). 
'l'hr: ,~rlortsi lr~rer or tine diive systcm are abo cvnhlalerl experimentally with pa- 
rnirr:tc:r v;grintiora br hoth the PI  controller and i\NN conlrollcr based ryrtems. In  
this r~xpc:rimont. two pnmnlc.trrr are changed nltlndcr no-load and brll load conditions: 
( i) rhe i,~crtir of the motor is douhlcd hy coupling i t  with another motor with higher 
ir8crtiz ;nld (ii) an nclditionnl rcsistmlcc is inscrted in  the armature ciralit. Figures 
.I.I,I lo  ,1:21 i l l~rrtratc thc cllccts o l  changes in inertia and armature resistance an 
>~r*,ds and currrr~tr b r  the P I  controller and ANN controller based drivc systems. 
nalrc.clivcly. I t  xl~otlld b~. nolod that wit11 the? initial clerign, the P I  controller based 
ryr l rm lrpcnrller snnstnblc under these parameter variations. 'Chercforc, i t  is redesigned 
will! new !rmtor ~~~L~CLOIS (Ja  -2JnitRb - 2R) .  'Chc mu l l s  preented here are 
1.111: pcrforn~ilsu,r a1 the nowly designed P I  controller based drive system. Figures 4.14 
iatcl.1.15 show linecxperimcnl~l %pad  and current reponre for the P I  mntloller and 
ANN cor~lrollcr bnscd system, mpediwly ,  with no-load condition for the changes 
is  inc.rlin. liigures 4.16 and .I.l7 show the sped and current responses ut the rated 
loacl lor both t.be 1'1 mx~lroller and ANN mntroller bnsed systems, respectively, i t  
ix %vc:ll-kt~asn titat nrmatlrm nsiatnnu increases with tcmperaturc. Thus the ry9tem 
p~rforn>nscc.s ihnve Iheen evalunted lor hoth no-load and lul l  load conditions for thc 
1'1 costrollo and I\NN eontmller based PM dc drivo systems by inserting additional 
n,xi%ta~ce in  the nmlaltim circuit. Figures 4.18 to 4.21 demonstrate the experimental 
rrral ls far this change in  nrnmture resistance under no l o ~ d  and rated load condi- 
tiatla. 11. is clcnr from the cxperinlcntal results o l  Figx. 4.14-4.21 that even with the 
nrwly II~~RIILII CYIM~R~I~S, 1110 p.;rlarmance or the PI  controller is not p o d  a. 
!la, pc.rfor!n>.rnres of the r\NN controller based system. For the PI controller based 
r y r l ~ n l .  t l lcir ia r colridcmble amount of aver-shooting of thespeed when the motor 
- 
ZV 2.0s HOLD 
Figure il.18: E ~ p c r i r n ~ n t ~ l  r ~ t l l t r  of the 1'1 conlrollor Ibilhrrl I 'M  11c: rlrivc vy*lr.,n wir l l  
change in .mature resi8tancc It" - 2N. ;LL no load; la) ~l,<c'l; Y.v:rlr:: 2 krl,!r,/rliv: 
(b) currenl; Y-scale: 2 r\/div. 
I'igarc .1.10: Expcrimcnml malts of the ANN controller baaed PW dc drive syslem 
$villa chnsgc in ar!naIure iesiats~~ce R. -r ZR. at no load; (a) speed Y-scale: 2 
L lm~lc l iv ;  (b) cunmll: Y.scale: 2 A/div. 
2v 2. oa WLO 
rn 
2V 2.0. HOLD 
Fig~re4.20: Experimental re.ult8 ollhe &'I conlmllcr h a d  I'M dcrlriveryslr.it~ will8 
change in amalurc residance 11. - 211. a1 bdl lond: In) rprr*l; Y-xcida: 2 kr~~nldiu;  
(b) current; Y-scale: 2 A/div. 
2v 2. oe HOLD 
F i  4.21: Expedmmtd results of the ANN mntroller based PM dc drive a y a t w  
with change in armat- resistance 5 + 2 5  at full load; (a) speed; Y-scale: 2 
krpm/div; (b) current; Y-scale: 2 A/div. 
starts rill! the ci~anged inertia as shown in  Pig. .I.I.I(1) a ~ d  -1.16(a). I l o ~ v ~ ~ ~ ~ r .  !la. 
sped rcspouso of the ANX runtmller baaed sys ln i~  ix rri l irnl ly dnnlpl,cl wil l> ~wsli- 
gible over-shooting ns  show^ is F i p .  .I. i l(n) urd .t.li(a). hlrn \\.tar ihv anrdan. 
resistance is ehangrd, tltrrc is o significant drop of  rlnrrl for liu 1'1 n ~ ~ ~ ~ r n l l ~ ~ ~ ~  1hnn.d 
syslom. This in illustrated in Figs. 1.18(n) and .1.?O(a). 'l'lic. r\NN 4b.i" ~pm~vt.siil" 
supoiiority as bc rmm rigs. .I.IO(~) .,,,I .~:II(~). is ~ i ~ t ~ ~ . ~ ~ ~ ~ ~ , ~ i  
dmoping and also the recavcry l imn is faal.cr than lllilt of  tllz? 1'1 Irawrl syxlnn~. I\" 
expected, due to  the on-line weights and b iam ~~pc la l l i ~g  of the. ,\NN will! ;~cla(>riur 
learning mles, the pmposed system hccotncs wry insntrilivr to ~p;~r;ose,l<r v;xri;ll.iess 
and thus tracks the reIerenco speed qaltc accllmtciy. 
Tho transient currcnts ia both c ~ r s  o l 1'1 and ANN ro t~ ln , l la r~ blr 111,. I'M (11. 
motor are within the preacribcd range as can be rn,u lronn IN@. ,1.8 Idr ,1:21. ' 1 ' 1~  
power amplifier used in  the wperinlcnt pmvirlrd ripl,lc rrm clc ncrrcrrls wdic.lm <!snrn 
tho smooth operation. The current rcrpnr~rw clearly xhow l l v  ~ x ~ : t ~ l L ~ ~ a  ~ly ,nrmxic. 
performances of the drive duo to chutges in  relrrr~~ccrpccri ;~tsl oi~ciisl; ~.unclitioib 
%velcll N usrameter variations. 
4.6 Concluding Remarks 
In lhis work, an on-line sell-tuning ANN conlrolicr Ihmcd rptr:tl rurtln,l SI:~I.I!I: is 
developed and experimentally implemented lorn iaborrlory I'M dc nnok~r. A 1'1 cn11- 
troller bared drive ryslem is alm implcmostcd in lhc  Inboratory. 'l'ilc: ~ ~ o r l o n n i ~ n o ~  c r l  
both the P I  mntrolicr and ANX conlmller lhnred d r i r  syrlcrrix for Lhn I'M dc: tu~nlc~r 
arc compared. The comparative results clearly rhow that time ~rc~rlorrsat#cm oi tl8e 
ANN coolroller baaed system are superior, pnrl~cuia~ly is <:aslr 01 parnnl!l.or asin. 
1.ion3 and load dkttjrhanrru. The !use of tlic arlaptive learning rate in the ~rnposed 
ryr ten~ r<xIljw3 the! possihilitiea of over-shooting during trnnrient mndition~. The 
L,all,;a.k prr,vi\i0u is t he  madifiod IZ iN  structure not only reduces computations i n  
n ,n l - t is~> b~ r t  nlra ,:,lhanc<,s the rtability of the syzlcm. The pmpored ANN based 
rprrvl c n ~ ~ t d  sy5tg.m of tho PW dc (motor ir found ta be robust, efficient and e s y  t o  
ihnplcrneot. Tllr socresrfi~l am of I\XN i n  thc Pb1 ddc motor drive is considered ns a 
lu~tttdntion to cxtcnd it t o  tho caseofa b r u ~ h l ~ s  PBI ~yn~hmnous motor drive which 
ir 1.l4a raldcc~, 01 the next dlnpterr. 
Chapter 5 
Artificial Neural Network Based 
Brushless P M  Synchronous Motor 
Drive 
Although the ANN based Pbl dr motor drive xyslr?n~ d C n  I.WPIII.~>I, <,cmlrcd L.il 
tures as discusred i n  chapter 4, certain inl~urent dmwbarks limit 1111. nus<. 014i1. ~ ~ ~ ~ ~ t . ~ t m  
i n  high performance drive (HPD) applications I lwr?nl  dc,n.lopm.!~rr i l l  !z#irrcn.lcr. 
tronics, powor converter deviccl and pcrmancnt snagnot rn~alerialr bnvr: l~nzvirlc:~I ~8 
excellon1 opp~r lun i ty  far a.ing nc molorr in  lnodtlrt~ III'I) ryst,rrn. As disclirnrl iil 
the lilerature reviow, among thc various lyprg of% molun, I.ltc. Ihn~shlr% I'M syw 
chronolis motor is one of the hwt choim which earl hc ~,x;rl i. lhc: nmnla,rrn ~ l r i n ,  
app~i.ations. TI~S a nuvc~ ~,r S~,,.,Y~ ru.~n,i r.,. I ~ ~ ~ ~ ~ ~ ~ I ~ . ~  
P Y  ~ynchron~ur motor llsing as on-line self-runiq artificial sat t r~ l  !act,work. llzu*l 
on tho motor dynamics and the non-lincnr load dmrrctc>ristics, ANN ~pcr!ri ur811. 
troller is developed and integrated with lllc vsdar rortlwl r:hcvrr  01 tbr! lht81slmlmr 
PM ~ynchron~ua motor drive [El]. The curnhincd uwof Ll~cofl-lisc!ao~d vn-lir#c t.rairl- 
i,lgof ANX ~fierr n ~ t n i ~ ~ ~ ;  brttnre ol tile os.line ryrtem identification and a precise 
ql,<yy~ or t.1,. high pcrfilrmana I'M hrurh~ess ynchronoar motor drive. in or. 
rlvr 10 pnrl icl thr perlarmancer of tlncproplncd dr ivcrp lem ul~der vnriolls operating 
co~~ditionr, lltc drivr y s t cm  with thc i\NN ir simulated. The  simulation reaallr are 
Imsc:rtlcd actcl dirmmad i n  thin chaptcr. 
5.1 Inverse Dynamics of the Brushless PM Syn- 
chronous Motors 
Ar rmr.sl,iat~r*l vnriier, the urcof t he  <\NN i n  any systctn does nolrequirea knowledbe 
of  1111. rnorlcl <of thc system tlttder rtudy. Tila inpula and outputs of the ANN are 
arl,itrarily riloscm I r m  l l m  ~yalenl wriabla. However, i t  is  pmlcrred lo modrl the 
<lyl~n~nics oflhc drivcvyslcrn so t ha l  inputs and outputa of the ANN can be 6eleded 
it, rsore dvGaud andsystemntic way [la). This guaranlm that  the ANN will capturn 
nrslcrf t l lc ayrlern dyllamic~. 
11) 1,his work, likc thc convontionul approach of conlmlling the sped, the vector 
cnnlnd lech~lir~uc is ismrporalcd wi th  lhe ANN in  order to oblnin the highest torque 
sc~srilivity olllte hru~lllers P I  synchronous motor driw. T h e  m l o r  canlrol strategy 
ix br~nt!laled it! the mli l l ing refcrencc finme in the same way as discussed in chapter 2. 
' T l s~ r~Lh r~nn t i ca l  m! ld  of s hrushlnl PM rynd~ronous motor is briefly s~rmmarizod 
it, tlle 11-q sy~~chror~a~~r ly  rotnling reference frame t o  formulate the structure 01 the 
:\NN. The q, 11-axis wllnge cq?mlions arc giwn .w 
and the developed clccrric Iorquc i% given by 
' l l ~e  motor dynamics sviilt ~ l l c  laad torqtreran lhr rr~,rc-ia.~l 8% 
~vhcm TL is the load torqac. B i r  lhu dnn~qdng cn-t,llic.ivt~t. DIL~I . is 1ha. autt18 irwr 
tia. The load toque in cquiltion (5.4) can hwr tnsy tton-litwar ~u~~kecmw~> t ~u .~ I~&~ i ( . a l  
ebnrcteristics. The followi!tg equillio~t cat) br mlwd lo  naxlt,l a rr>tt-li!~var lo;al 11111 
where ,t,.B, and C, are constants. In onlvr l o  ol,lniu 1.11~ rn~itxirr lnt~ III~IIIII, wi1.l~ 
minimum currcnl, llle control t i lratcg of baing Lllc ~l..uis ~ c ~ f i ~ r c ! ~ ~ ~ ~  ri#m.tlL 10 n,n, 
is used in  lhe proposed ANN hasel hnnrlrlc.jn I'M sy.yllc.l,rn!,olix !nolor d r i w  wilic.ll 
renders the machine model simpler. 'The rinnplilird ttnil(.l~iuc. l~m<k.l is bivc,r\ .Is 
whcre /is = PA,,, and thc developnl torque 'PC ill nltr;~liorl (i.:I) is ~prol~cmlio~~;~l 1.0 
thc yaxis current and is diver, by 
where = FAnr. ~ l t hadgh  tho xnneltino rmadcl bcro~t r :~  r;iwplc:r will, 11. ~~~oIw*~.cI 
control strategy, the load is r l i l l  non.lincar bu rlr~lcrilrnl I,y Lh<: vr(~~alinr, ,nod 111~11rc.- 
dielable in  mal.time. Thcrcforc an ANN is sgood dlniru fnr tllis !nar~.iim,i~r 8i#;%lrpir## 
,r LI<: irbpllt.  ail,^ O~~I.~,~,~(.). vormvor, ~ ~ I E C U I ~ ~ ~ S  duo to variations the 
IIMY:~ c:antrol of the III'D luring an isterior-type hrushlcrs P!d synchronous motor are 
vl1ir:iontly solwd ?using tlme propaicd adaptive r\SX. 
Nr,w lo ir~nkr? tllc roiltrol task casir:r, thc hn~shlcvs PM synchronous motoi <!qua. 
l i c ) ! l%  PZ!~ 1bc PXPI(S*C~ ill R single input single output ryslcm in continuous time 
cln!sain I,y ,os>l,inisg oluatiasr (5.5) to  (,5.8) to give 
'l'la: c1iw:rctr time model oI the simplilicd hrushlcro Pbl srynehronous motor drive can 
I,. obtibir$c.rl by replicing all contiliuotrs quantities hy their finite dilloicnces ur 
wberc 0,0,7,6,~ ant1 f l a re  lunctionsof thematar parameters as well ~1 the sampling 
iltlnrvnl AT ancl arc <leRrted as 
where. 
Equation (6.16) is modisrd in  orcler t o  obtain 1111. it~vrrrc ~nlntirl or !l~r ~ l r i n .  %yrferu 
Now i. discrctc form, tho q-axis c!lrrent rm lhr <.xpma.rl is l<.nrs of I<( ,# )  ;mrl ul.(a) 
g replacing tho continuous lcrutts o l  cqaatios (5.6) iby their linile d i l f i . rc~~~( .~~~,  g iv i l~g
Thus substituting thc orpreasion of u;(n) Imm ecju.lion (5.18) i l l  rq18,diott (>.i!I), t l~r ,  
cxprersion for the q-axis current can lu.ther hc ,rn<iili<!d n. 
where(nt1)th sample ir cossideredna lhcpresent ran~plc:. I'l~is funn ~ , l t l ~ c c ~ x i ~ n ~ s i ~ ~ s  
$I the q-axis current is dcrivcd in  ordcr to inclladc ail pilriunt:lcn ~d 1I1c rnotcr. 'I'llis 
lacilitates the training of the ANN with tho proviaion of pnmznclr:r varint,ia,~. 'l'ltc! 
right hand side 01 mlllation (.;.2:%) is n non-linear function of thc speed w.(n). The 
purpmt: of la i t~g 1.11~ ANN is l o  map the non.linear rclationrhip hetween the q-axis 
<:,rrrt.ra i; atal tlae spcr,d u, lo equation (5.23). The structure of the AYN 
for illr: hp,:~I <:ontml of thc hrushlcxs PM ryochronaus motor drive can be dcvired 
11.ig c.rll,ation (5:':i). 
5.2 ANN Structure for the Brushless PM Syn- 
chronous Motor Drive 
Osc of tine irnporln~t arpccts of applying an ANN to any particular prohiem is to 
hns181nto l h r  inputs and ~ ~ ~ t ~ u t ( ~ )  o l  lhe i\NN atnnclure under study. The inverse 
clyll;asics of lte hruahlcsr P4l motor driveasdescribcd i n  equation (5.23) 
dictatm the ihpuls and output o f  the ANN used in  thc mntml  system. r\cmrding to 
<yud.ion (6.25), t l lr inputs of the proposed ANN are the speeds of the motor at the 
pn:acst and prcviotrs two sample intcrvnin, in  addition to the previous sample o l  the 
 xi^ carrent. 'Pilcicforo the input vector become. [u,(n+ I),u,(n), w,(n- I ) ,  i;(n]. 
'Phs r o r r ~ s ~ a ~ ~ d i ~ ~ g o u t p u t  targe  is the present aampleofq+.xis current i;(n+L). ,\Re. 
the. isputs ;uld lhcoutput nrc lormulatcd, the number of hidden layers is delermined. 
Cossiclcrable rusearch is being conducted to determine theoptimum number of hidden 
lilyem and nunlher 01 ~~enrons in the hidden layer for a paiticular problem. So Car the 
nn~nbcr of lhidden layers and number of neurons i n  the hidden layer($) are determined 
I ly  lrinl m d  crror. The fach mnsidcred in selecting these parameters are that the 
syrtnn rhoald provide stable operation under the chosen operating conditions while 
klrpiug the ln~~t~lbera IS small as posrihlc to facilitate minimum eomputalian t ime and 
tnxrtlory rcqaircn~ettl. b r  tllc prcsent svork, it hm been observed that thestructureof 
Figure 6.1: ANN rtructuro lor tho hr~lshlcxr I'M sy.ysdromorr Motur 
one hicldcn layer having thrce neurons givos satirfartory reulls. The A N N  structure 
for tho hrushlrxr P U  rynchrotlalls motor drive is shown in Fig. 5.1. The log-rigmaid 
nod tm.sigmoid type transfer functions are used in the hidden and output layers, 
rwpcctively. Now i t  is nmessary to determine the weights and biaes of the ANN 
lhrorlgh lraining in order to  achieve the apecific target with the gimn inputs. The 
iback-propagation training nlgorilhm is u d  for this purpose, and is based on the 
principle of minimization of a r m l  function of theermr hctwecn theoutputsand tho 
target of the ANN s? described in  chapter 3. There arc a numha of applications 
where rho off-line training is ~ufficient o  generate the weights and biases o f  the ANN, 
8s for cvonple, when system parameters are relatively constant. But i n  applications 
like I l P D  with iz>torioc-typo brushleas PM synchronous malors, where the parameten 
rllnnsc with tcmpe,atare and loading, an on-line weight updating leature is almost 
mandatory i n  vtder t o  obtain pmper system pcrbrmanm. However, the on-line 
lraining lurk could he eared and the system can he further stabilized i f  an initial set 
01 weight" and biascr is  generated heforehand through off-line training. A combination 
of t he  oil-line and on-line trainings has h e n  used for the present work. The init ial 
wights and biiuea are obtdned through off-line tmining. In the caae 01 on-line 
!.mining, these areupdated only when an error l ~m i t  betwoen the aelual output end 
tllc targct of the ANN exceeds a preset value. 
5.3 Off-line Training for Initial Weights and Bi- 
ases 
in  ~taucd tietwork applications, availabilily of training data is one of the main con- 
ccrns. Wr the pmpmed work, off.line training data can either be generated by sim- 
Table 5.1: Initial set ofweiglds and biasea for INN nrc<l ill br~lslllcrs PI1 sy~trltrn~tsta 
motor drive 
NWI  
0.23.10 11.0.1 111 
ulation or experiment. Generating training data by rin>ulsiliof~ is easier if l l ~ c :  I'M 
motor parameters are available, oth0nvi.e an rxperimcnt h u  10 hc pcrlont!t!rl, *II~I 
as running the motor on open loop hair and mording ir~porl clmmmslr i~tld nulp!al 
~peeds at  d ikrent  operatiog conditions. Sincc the molnr paramotem nrs avnild,B!, 
off-line training data have bwn generated using equalion (5.23) for lllix work. 'l'la 
input quantities used for generating the data are u,(n t l),w,(n),w,(a - I),i:(a). 
The corresponding target i ; (n+ I) can be generatcd by \!sing t l i l  inpal vector nlld 
a,p,7,6, r.8 and A1,8 ,C2  in the right hand side of equation (5.23). ' r l a : ~ im~# l r l i ~~n  
is carried out at random q-axis currents i n  order to  ohtoill va r i o~~ l  %prnds ;rrcorcling 
to  the currents. At first, the airnulaled speed and clerrcnt data am dowt, 
sampled by 50 t i m e  and finally two sets o f  data wi th  800 rarnplw arc obtri~bed. A 
wiri<lrrw 1h:ngtL of four. ronlaiuinp, u..(rr + I ) .d . (n) .u . (n  - I),i;(n). is slided o w  the 
f . z n l i n .  ~po~.?!  i l ~ d  ~~- .u is  rntrr~.rbl samlples g~ving an input matrix of sire I x 800. The 
1~1111>111 mttcrr of rise. I ,800, conti~inr t.lm q-axis current i;(n t I )  data. The oll-line 
tri~irairnh o f l h r  ANX is p~rfornaed will) tltme training data using the back.pmpagntion 
algorif.b~s of the. >l.lr\l'l.h3 rlcural sctsvork tool-box [is]. The initial set of ~veights 
,ul>ri 1r~nst:s ol>lnir~ed l l ~ r o ~ ~ ~ l ~  line all-line training ir given in  Tablc 5.1. 
5.4 Real-time ANN Based Brushless PM Syn- 
chronous Motor Drive 
'I'l~r ~nain gad of tllc control system is to track tho reference speed of the drive by 
~~ov i r l i sg  as il1,propriate q-axis current i; depending upon the operating conditions. 
In lhu real-lisle, tile ialor pwition information and theoutput o f the ANN which is 
ro8aiclrn:d tnnw N g-axis rclcrence current I;' are used to generate the lhree phase 
mfcrmcc, currcnls i : , i ;  and i ; .  This is accamplished by Park's axis transformation 
[IS]. 'l'ltc tl~mw p lme  reference currents are compared with the actual motor currents 
i t ,  a h y ~ l r n r ~ i r  current conlroller which the ncccssary drive signals far the 
iswrtrr. 'rhr complete control rcheme Is shown is  Fig. 5.2. 
'l'hc rcfcrence speed trajectory is selected llsing n secortd order reference model lhat 
IW~PJ the system asymptolirally stable 1131. The reference model can be dmcribed 
I,y lhc lollowing rqunlion 
'l'hr poles and rcros of the reference model are placed within the unit circle in order 
to ctlrtlrr syslcsn stability. This is nccamplirhed by properly selecting the constant. 

h, ;md C lor a spccifir. rc1t:rencc trajectory. In  equation (3.24), r ( n )  is the bounded 
~s1ntt .  to LIIC r,.fi:n.r~~c modcl. 110 ralllc of wllirh call lbe calc~~lated beforehand arxng 
,.~~~,.l.i,m (6.U) k,r 11c.i~nul r c f e n ~ c c ~ p r ~ d .  Tho mtor rpeccl a t  the (n+ 1)Lh sample 
S ; L ~  hc: predictcrl lrnrrt  quat ti on (5!24) by eonsidering the (act that the tracking error 
ir *nr~;~lI iwd the sc l~ct rd  rolurencr mod<' Y-nptotically stable (131, giving 
I l ~~nco  is  addition LO the  previous sample 01 tho pndicted q-mis current, will, one 
rnllll,lc! 01 prndi~tcd rpeed and two natnplcs of aclual specd, an input sequence 01 
;,(n + I),u.(n),w,(n - l ) , t ( n )  is larrncd and used tho input to the ANN as 
rlx,wrt in Fig. 5.2. With tho initial weights and biases and this sequence 01 input, 
tbr prc,diclccl o t l tputo l  thc ,\NN, <(n + I )  is computed. tiring actual speed samples 
;>ncl onc riclaycd samplc a1 q a i r  current another input sequencc containing u,(n + 
l).~,(r~),u,(a - I) ,zr (n)  is also lormed in  order to generate the output i;'(n+ I ) .  
'l'hi. i;(n + I! i. comparcd with ;(a + 1) to compute the ermr whirh is "rod to 
~npdatc thc previous set a1 weigh18 and biases using the back-propagation algorithm. 
11 is sola1 lhcrr !.hat l.he two A N N 8  shown in Pig, 5.2 lhave the same set 01 >"eights 
;18nl biases wil.li !.wo diffcmnt scts of inputs and outputs. 
1.111. !veight~ attd bipise~ am updaled at  each instant using in~pmvcd back-propagation 
dg~,riitbm with sitnilar t ype  of weights and h iass updating equations as d~c r i bad  
is cllaplrr '1. Tho minimized error Iunction is given by 
5.5 Simulation of the ANN Based PM Synchronous 
Motor Drive 
Tllc complete A.YN bnrrd lrr~~shlrss drive r y x l n ~ ~  lhlll 1htv.n S~~III.LICII 111. ~ v i i t i ~ ~ i :  .t 
program in  M S r L A B  [8'21. Thc initial srt or wi&l> l r  acxtl Ihimtli ian. dtxvrt Ik~,ulc~~l livst 
and then updated depending upon tl>coperatiug rcnlclit.ions. I'br n.f<.n.lln. isl,tll r(tl) 
has b ~ n  gonorated n priori according la  tllc; dc,r;irml m,krrsn. rpn.cl. 'Tllr iaw,rt,.r 
witching has also bcen ik~corporatrcl in t.bc ~;izsalmtiorn. 
Tho propwni drive systcrn has bcul s i ~ n u l a t ~ ~ l  to ipn.<lic.! !llc. rl>c,t,rl ~ ~ . r p ~ , s ~ . s  .,I. 
thc rated refeiencespccd 1800 rpm and at low r c f r r r ~ i ~ns l~~ r~ t l s .  ;n I l r  t,r.~~r>l,l<. ;,I ?:!!I 
rpm (8 tlz) under no load m d  at rntccl load lconBitionr. 'Tl~a r r l . n ~ s ~ ~ . ~ l , ~ ~ ~ ~ l  ,stllcl ,tot 
he decreased beyor~d lhis value Lsca~rn 01 thc rwitr l~irtg lreqan~cy lim?~il.i~tiuan 01 LIII. 
cxperimcntal voltage rotlrcr invrrtcr. lliglrrc% 6.3 lo  5.f; ~lt,pic.l Iht. rpc,c~l ;s~cI vint.n.111 
responses lor there opcmating cosditinsr. From rigs. 5.3 LO 5.fi, i t  ix (~ t i t t .  I.VICII.~II. 
that the ANN bared system is espoblc aloporali!ng a1 airlt: rmg r  ~olspnvlx 11r~1c.r I I I ~  
load nnd LII load conditioss. 
The proposed drive system ltar nlro bcer~ r imuli~trd wit11 n 11r:l~ , Ihat~gc III  n~k~rc,r~cu 
speed under no I w d  and full load conditions. 'Us r isrt lr lcrl n:r~ill.%im: ~Ir,ws i t ,  I'ilr. 
5.7 and 5.8, I t  is clear from there figurea that thc os-lint: n$nptivl: jrrcrp~.r!il:$ u l  1.11,. 
ANN efficiently generate the q-axis retcrc-nc. c ~ ~ r r c ~ ~ t s  Ior lltc rurn:!lt ~rant.roll<~r wbivlm 
eventually operate the proposcd systom z~ccordirt~ o ihc: r~rmc:~x.t: ~xvII*. 
Performance prediction with n sudden load impact h;u l n : t ~ ~  :nrril:tl rlul .,I. 1 1 1 ~  
rated rebence speed. I\ 2.5 N-rn of  loilcl ia luddcnly appliud l o  tbo rtr!,nisl: ~mclur. 
Pig. 5.9 shows the speed and current rcrponsw for ll8ir opernli~tg c:u!tdiliott, li!>likc: 
the conventional conlrollcr based gvslorn nr rhowrt In cl~alricr 2, t l~en, ix i~<*ligilrb: 
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Fi$ntte 5.1: Si8xnttliltion rcaulls of llte f\NN bared brushlerr PM s).ncbronuur ,nolor 
drive a1 load jvitlt mrcrcmlce sprrrl ISDO rpm: (a) speed response (b) clrrrcnl re- 
I,~olllr 
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Figure 5.4 Simlllation rcslllla of lhc: ANN hasarl L n ~ r l ~ l e ~ a  I'M .ynr.brono!ll ,~lulc,r 
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liigurc 5.5: Sinumlnlion rr?iulls of the ANN hnsed brushless PM synchronous motor 
,Iriw at ro load with icferencesped 239 rpm; (a) speed response (b) a,rienL rnponse 
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Figure 5.6: Simulation rcpults of tllc r\NN has4 hr~rnhlesa I'M (Y~~~I IOI IUI IS IIII,I.I~ 
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liiglln. 5.7: Siittulntion rmalts or thc ANN bared brushlas PM nynchronaus motor 
~ l r ivcal  so load rill8 cl>arlgc i n  rcrercncespced (a) speed rcsp~nse  (b) current rmponse 
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Figure 6.8: Simulation rcrulls of the ANN hnncd brurhless I'M rysr:hmso!~r ~uu,l.l,r 
drive ac rated load with ~ h a ~ ~ g c  n rnfercnox rl>oerl ($4 n:spor,st. (1,) <~~r r , , s l .  
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liigure 5.'): Sirnulation mults of the ANN based brushleas PM nynchronoua motor 
drive at rntcd speed with ruddcn load impact (a) ~ p ~ e r l  respanso (b) current response 
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Figure 5.10: Sirnulalion results of thc r\NN h a d  hn,slMcs~ I 'M r y ! ~ c L r n s ~ ~ l *  !nolor 
driveat no load with ehangein incrtia J 2J (a) I ~ C U ~  nmportso(I~) a8rn:nl rwgcrt~rr: 
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Figure 5.11: Simulation results of the ANN based brushless PM synchronous motor 
drivc st mdnt load with change in  inertia J -, 25 (a) speed response (b) curcent 
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pigure 5.12: Simlllation rc3alts the ANN bawd hr$irillas* I'M rynvl!rr,!to!lr ilr,tr,r 
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I'igttie 5.13: Sirnlllalion results of the ANN based brushless PM synchronous motor 
drtw nl ralccl load with cliange in R -+ 2R (a) speed response (b) current response 
speed drooping due to  land impad. 'l'hr s y ~ c n l  performal~n.* 11.1rc. lhl,n1 ~IIIPNY<.L/ 
rille to adaptive propertin of tlte ASX ural i s  llle propo*rrl rys1t.a~. Sla, ~vl.ighll 
nnd biaxs Inve been llpdated w i l l  tliir r l la~~ging rirr~tt~slnscr. of load iilllvill.t actll 
the drive follows the rcremr~rr s p d  quitc arrar;l~rly. 
Sirn!clntion has also bwn cnrrinl out with prra!nc,lc.i rarialions. :\x ill 11~r  c.~ntv~.t~-  
lional sped controller based brurhlcss PY r y t~c l~ rn~>~ws  slotor drir?,  so lutr;l~l~.t~.~.s 
have been changed: (i) thc inertia of the tinotor i r rloai>lc~rl, .atcl (ii)   at^ .alditio~~;d 
rcsirlance is inserted i n  the stator circuit. Simuii l l io,~~ It&w I,c.nl r;arivtl nu1 wil l l  
parameter variations under the rnrccl load art$ tl~cl ,to Ioxcl ror#<liliolr. Pi#ln% 5 ill 
to %I3 illustrate the effects of chu~gc; in  inertia ntlcl slnlsr rp;isl.it~c.rcx~ rlr.nlr . L ~ I  
currents for t h e  conditions. lirotn l l>me Bgrrn, i t  is .. l.h.tl dths!tgb 11wrc: is r 
negligible over-sllooting in  the case of cl$rngc in  incrtin. I lh~. ANN Ib;ta~l Ibrt~al~lt*r I'M 
motor drive accllrntriy rollor, i,.rc,r.,sc,: r, I,ULI, 
parameter changes. The on-line wcights and biases ~updatisg fc.;lt>mn. of Ilr. ANN 
makes the control scheme mbusl ageinst l i lac  pnrumuter wrial.icr!a. 
The simulation current response, rr; shown in  Figs i.:i Lo 6.i :i rl,r,w Il,c? I.r;~~8ric~r~l. 
as well as dynamic behaviors o f  thc ANN baed br~~rlalcsr I'M ryra.l~~~ormo~a ~rw,lor 
drive system. Theenvelopes of tl>ecurrent rrsponnr arc tIu:cl-nrix n,fmsu: nlrrc:slr 
~ullich are outputs of the ANN controller at vnr io~~r  opr:ruLisg r~~~8cliliottr. 'l'l : I X V L ~  
0 1 t h ~  transient curnnts llcwr tilc pmcrii,ad iiltlit In  ihl~8pr.n:. l t . ~ ~ ~ ~  
tho simulation result. or the current icsponnes, i t  ia evi.lerl1 tL;iI. IIK! Ivns i~ ld .  : ~ s l f l  
dynamic current responses of thc pmposod ANN b?i*ecl ~lrivc: xyhlvn~x am: r;ltisfa?:llory. 
5.6 Concluding Remarks 
In this tho vcctor control scheme of a Ibrushless PM synchronous motor 
rlrivc is dcrignod and simulated using an ANN based speed controller. In  order to 
nrhkvc ndaptivc control over a wide operating range of speeds, an on-line t iain~ng 
!notlnod hued on the back-propagation algorithm is introduced. This allows the 
ANN rorltrollci to adjust itself according to operational conditions. The uniqueness 
of llmis work is Lhc provision of a substitule for the conventional fixed gain P I  or 
IPID contmllcr. 7hc ANN controller make. thc brurhlas PM synohronour motor 
drive robust, cllicient, and immune to the adverse eKects of load change, parameter 
varintions and non-linearitin of the bad. The rimulation results of the proposed 
xrhcmc are very encouraging. A successful on.line laboratory implementation of the 
clribe syrlem ur i t~g controller board DS-1102 rill validate theefficacy of the proposed 
bru~hlors PM synchronour motor drive with the ANN bared contrailer. 
Chapter 6 
Laboratory Implementation of the 
ANN Based Brushless PM 
Synchronous Motor Drive System 
The implementation of the ANN in  rcal.timc lor a motor drive systc,m il .x~!~si<lc~n:d 
one d the challenging pmblemr encountered by the cot~lrol ci~giscers. 'I'l~ir; ir 1.t. 
cause of the fact that &here am not many mmrncrcinl lu!ldionnl istegratr*l virruib 
(ICs) of the ANN available for lhe aperimentnl w r k .  'L'lmereforc, i t  ~.ulttl,isdio!l 
of hardwares and softwares has been used in  lhss work lor the n r d - l i a ~  ita>plrnh.nt- 
tation of the pmposed ANN based brurhlcss PM synchronous s~olor r l r ia  synl.r:sl. 
The DSP controller hoard DS-1102 has been used for ~ h c  soltwnrc i~ !~~, le i~~cnt i~ l ios  
of the ANN algorithm. In addition, other conventional Lardwarn, such L* p81ls. .LIII- 
~ l i f iw ,  voltage source inverter, and current transducers huvc hvuv ~uacd In crpvralv 
the drive aystem. Thia chapter presents s det~ilcd laboratory implsrr~ent;~lios crl tho 
ANN bared brushlns PM ~ynchronoua motor dria! syslcrn, and d ~ ~ i ~ t ~ ! n ~ ~ ! ~ l ~  
the .rperimental results with pertinent discussions. 
6.1 General Description of the Laboratory Setup 
'7'18~ iairoratory n:tup w d  for l h ~  experiment is shown ii~ Fig. 6.1. The test motor is 
lai,c!lwl ar 'M'. Tl l i r  motor is coupled lo an induction generator labeled an 'f.' wllich 
works nq a load. 'rhc power generated in the loading induction machine 13 dissipated 
izm r mrirlor Imnk labaicd ~s 'itr.'. A tach-gctlciator is mounted on the indudion 
znilciline for tile purpoxe o f  tracing thc speed response only. Motor currents are 
captt~rcd by tile non-ii~cluaive type akrrent trarladucers having good linear iespons 
over R reugc of 0 t o  30 ampere currenl operationr. These tmnsducerr are labeled ts 
"I", l'llc rolar posit,ion e l  the lest motor is detected by an optical enmdei iabeicd 
, U i I . I  .. 15, 1 his encoder is mo~~nted on tho motor shaft. An interface circuit labeled ts 
'I" has lbcen ~uscd bclwccn the cnntrol nnd the poser circuit. Thc purpare a i  uriog 
the inlrriace circuit is In generate the necessary commul~ting dgltals to make sure 
t i tat transistors on I.he same Icgof the inverter do not swikh or) at the same instant. 
Monovcr, in> t i& circuit, l h r n  phme drivesignals from the DSP have been mnverted 
to  dx drive signals for &he six tiansistor. of tho inverter. Tho dx drive puise. are 
nntpiilied thmagh a pulae amplifier module labcicd as 'A'. The power circuit of the 
ihr8witlt:ax PM synchronous rnolor drive compriacr a tranaiswr inverter labeled as 'I' 
sncl rlrlilier labeled as 'R'. Tila inverter rnnslsls of three pairs of Darlington BJT 
tra!18irlors will! six Irco.wheeling power diodes. 
6.2 Hardware Implementation 
As nln>tionnl cnrlier, thc control algorithm of the ANN based drive system has b e n  
irnplc-sxnted tisough lllc DS-1102 DSP controller board 1831. The main pmcesror in 
lh i r  lrnnnl is 1ilc'I'eras lt~rtrument TMSJ20C31 floating point type. The board has 

1,ccn \~rpplc.mt.imted Ihy n set 01 on-hoard peripherals l a d  i n  digilal control systems. 
nns,ly, analog Lo digital (AID), digital Lo analog (D/A) convertcra and incremental 
cv~urdor is*,rfacos. The board incltlclos a DSP mieiorontroller based digital I/O 
s l~ luy~tarn which inclt~des % kxed point Tevns Instrument pmcesror TMS320PI.I. 
'l'l8i.i proccxsor is usocl z slavc proccsror. Tl~ccornplele DS-1102 bond is installed 
it8 a I'C-RS with n ci~pahil ig n l  t~ninteriuptcd communication with rhc PC thmugh 
n rl18nl port nlcmory provision. 'Phen!lore the PC monitor can be u s d  to edit and 
clown load thc soft,wnrc. 
'She s=hctt~ntic dingtarn 01 the hardware implemenlation Is shown in Fig. 6.2. 
Fceclhnck sigo8nls t o  Lhc contmller board are rhc actual motor currents and the ra. 
tor lpnnition angle. 'Thc currents are ntcarured by thc Hnll-erect transducers which 
p ~ w ~ r l c  rxre l lc~~t  frcqacncy rerponrn down lo tlnc dc level. The currents arp then 
l ~ ~ ~ l k n d  and Ird to the A I D  ports ofthe conlmller board. Thc  motor shaft position 
is tcwuurcd Ihy an aplical increnlental cncoder installed a the motor shalt. The en- 
c.oulcr gcnepntn ,1096 pulses per revolution of  the rotor. 'The outputs 01 the encoder 
:arc cnrtr~cclad to the increrncnlal sensar interlace board. B y   using a built-in lour 
fold g8tlso narltiplicslion, t he  encoder outpul p t t l s ~  ha~c been increawd to 4x4096 
],llln,$ lor gientcr accuracy. A 2,I b i t  pmition counter is used Lo count the encoder 
~>t l lss  ;led is read by r calling lunctian i n  the soltware. T h e  counter is reset once 
Iprr revolution by theirldex ptllse gentrated lrom the encoder. Thc motorspeed has 
Ih.at mn~puted from lhe measured rotor position angle using numerical diferentia. 
tius. 'The outlruts o f  ll~econtmller bonrd are three kinds o l  pulses lor t h r s  phases of 
I h e i > n ~ r t c r  l l~mugh tltrec D/Achannebof the board. The fourth channel of the D/A 
lhaa hn.n u s d  to obtailt tlce rotor position angle, An analog cimuit has limn designed 
1.0 obtain the sir pulse lor thesix transistors olthe inverter from the four outputsol 
DSP-DS1102 
Figure 6.2: Schematic o i  the lhrdwnm illl~l~llll:lll~liol~ 
1.. I,/A of t lw IlSl' r:onlnrllcr lharrd. l'la comnoai~ling r ig~nl r  lor lhe drivc pu lse 
I,;LVC ;,irl, I,x, 8ml~.ra~.pc~ is th is  ~ i ~ ~ , , i t .  TI,C detaiis or tllis illterrace 
Ih.rvv I.rr.tt dtcrwit irt Apilvnrlix C. l'ltc: six drive llalrc. hrve hoen amplified Lhrough 
;I lp~llre n r ~ ~ ~ ~ l i l i ~ ! ~  and h:cl 10 Lhe lhnw dr ivcc i rc~r~ l  ol thc trarbristorirrd invcrler. Tile 
ca~$.rc,l ;dgoritl)a Ihz? 1m1:s in~plc.rncnted vin thc rontrollci board uaing C languagc 
~pv~gr;~n$ro,ir~g. 11) mldil.iort lo ths- caltrol rouline, lllc program comprises scvernl 110 
fhnl-l.ioar l o  nc:t:c.%r Lllc pl:riplmcrali 01 tho DS-l IO l  board. 'rhc block diagram of tl,c 
IISI' r.o,,lmiler I,as.l is  lllown Pig, fi.3. 
6.3 Software for the Real Time Implementation 
of the ANN Based Brushless PM Synchronous 
Motor Drive 
'l'hc c-outrol algorithm lor llle block diagmm o l  the ,\i\iN based PY synchronous 
~ w r o r  ~Irivr as rltoan i n  INS, 5.2 Ira hmn implenlcnlcd rhmtigh n rollware by d e  
wlutling .h lpmgm~"~ in  ANSI C. Aflcr inilinliring tho required variables, tho init idl 
%r o l  wcigl~ts .u,d h iasa obtaincd from tho off-line training of  the pmposcd ANN 
rtrnrtttre ix dowt) loadcd. W i t h  the ledback speed sampla and a delayed sample 
t l i  11-axis narrmt, nclanl and rrt irnakd q-axis reference currcnls are computed using 
thr back ~pmpagntian algorithnl. 'Phe ermr lclween the enlimated and actual I-axis 
ni,n.ncc is oserl Lo iwprlnl~ the pr~viotrs re1 of weights and biases i f  tlic error exceeds 
a pn.s<-ri l~~I l imil. l'hrec phase reference ctlrrrnts nm generated uliliding the actual 
q.:~xii~ ~clvrcnce rnrrcnt asd the rotor pmitian mglcobtaincd through the encoder. 
hl1l>mpriiltc \cctor rnlarillgnnd pltnac tranalormalib tea :migues arc [utilized in lhia 
htngc. Cu~npatcd threw plln~refere~~ce c c u r n ~ ~  arcconverted lo  upper hysteresis and 
RAM 
rmq 12 hit I 6  bit 12 hi1 v!><:o<lt~v 
Figure 6.3: Illock diagram of 1)s-l lW2 c.ot#ln,llr.r Ibvistl 
lower I,y#u.r<:si% hy adding and ruhtracting a preselected band. flysterais currents are 
curt~p:s?d ivitlr n,:ttlnl rrtolor cirrrrnrr and PWLl  signals arc gmcralcd. Thne  PW41 
rirrt;~lr a n  fcal to lbc :  nnrlog ihtcrface circait tllroltgh D/A ports of t l te costroller 
boiknl hy ci~llirmg the bttilt.in functions. A provision of the adaptive learning rate is 
dso ir~corpornrud to vcdorrc ntty owr. or ander-shoolings of thespeed rcsponaeduring 
I.hc #lyzlilmic: ntd I.mnrin~l cnndilions. 'Cbc lcchniquc of adaptive learning h a  bmn 
.liscumcrl is chapler 1. 'TI, ilow chart of t l ~e  6oftsvare for implementing the real-time 
ANN las<,rl bnaltlcss I'M ~ynehmnous motor drive ir shown in  Pig. 6.4. 
'l'llc srrrlpling frc~q!wsry 8tsccl for implementing the above algorithm i n  the DSP 
vonLrollc~r i* 5 kllr. The C code for the rbove control algorithm is compiled and 
i~hxe!nbh.tl 1,s ' k x ~  lt~htrttmrnt C compiler. Once tho object file of the C code is 
~,hl.ai!lrcl, i t  is down loadrd lo  the DSP by a loader program. 
6.3.1 Peripheral initialization 
I'<.ripltcral init i i l irntion is one of the major laskn in the roftwnm far perfecl utiliza- 
t ion of thc DSP bonrd. l'l~is controller board has been supplied with several macro 
Rxnclionr l o  init ial in aartd lo  accns the on-board peripherah. As for example, tho 
siilaro Rlrlctiorb ealld ,nil() init inl ira the DAC subsystem ofthe DS-1102 far output. 
Also r i l b  Il>iri, lhc DS.1102 inlerrupt r e q u ~ t  bits are reset and the 15 bits AOCs are 
~.alihrxlnl. 'I'llc lnoxt periplleral to be initialized ia the programmable timers. This 
is .L~I rssn~linl fcnhae far the mnl-time implementation because i t  requires a regular 
san8pllsg mte. TLc functions LimerO() and timerl() can be used lo  initialize the 
'l'blS:ISOCS!'s 01, chip linlers to gencrate timer inlerrupts at a predefined sampling 
rnte [Y:!]. On-bonrrl peripheral ieilialization is another important task which is ae- 
~.onnpliabrrl by ailvailable I/O macm functions. Some of ihe funclians are utilized to 
;-4 
Start ,\ID convmion 
Rcad phac currents 
i 
Oulpul signals tllrough D/A 
1 
Wait until interrupt is finished 1 
Restar1 timers 1 
Figure 6.4: Flow chart 01 tho socware ,used Tor thr  nrd.Lirrr: i~~iplns~~!all;~ti~~#t 01 IIIP 
ANN based bwshles PM synchranou~ lrtotor (lrivrr 
start ntrrl rcacl a l l  b,ar AIDS, wlnilcall>cl.s c r l ~  hc urccl to initialize tllo slave DSPL 16 
),it 1 / 0  lor rligil.;ll i#ll,utr ;,r~cl out,p~!lr. I l o r cn r ,  i n  tllia work tllc slave pmcessor has 
sat. I,mn abc:d rirtcc i t  t a ka  ulditiottal Linlo rrom tlve cornpt~tn l iu~~ or lllo the ANN 
Ih;r~ol a l ~ r i t l l m ,  wI1ic.l~ i r  nut ncmptxble. 'Pl~crcrorc, tllc oxternnl analog circuil has 
lbmu busecl k> gerlrralc l l tc  six IPWhil drive rignals lmun l l lo  ll>rco DjA's oatpuls. 
6.3.2 Intorrupt service routines 
'V1. ~:orrc.rd luoll n~8ttitto is drivctl lly n soRw~m imrlortapt stsrttng nt ovory 200 )sm. 
lli lllis icll.~rnlllt, All) ~:o!~vursio!~s o r l l ~ c  actlhal ct~rrell l  ~n~rnr~~rcrner~ls a c initinliserl, 
l.,l~s~. ~x,siiti,r~m ;angle is zmv;sarud allrl llle in~cret~~cntni o~lco~lcr itldcx line is detected t o  
c.l,.;;,r lime RII$III.<.T. Wl~rn tIto A l l )  POIIY~TS~O~IS 110 f iui~l~ml, RIB i n k r n ~ p t  rervice rouline 
~:tlll~ilillillb l e nn;lirl rr~dc lor t lw cirrteul, tooll slilrts. Tllu motor speccl is cnlculnted 
lrrlrlt lllo mlur ),nyitia~ ihlont>dion cvory 0.2 msec. Tllo incron~cmtlal encoder intcrrnce 
w t  111~ I)S-llW2 lbot~r<I cottsisc ora211 b i t  counter and expands the inlnnt t o  4x1096 
OI~I*I.S PC" r nv~ l t t l i o~~  as n ~ c r ~ l i o ~ ~ a l  onrlier. 
6.4 Experimental Results 
A x ~ i ~  or ~.rpc~ilqrntal t c~ l s  lmnw I ~ L z . ~  ~111iod nu1 10 verily tho vnlidiky o l  the 
ipnli,lw~ul ANN I,itanl voclar eonl.rol ndtrmc lor the ihlorior-lylx? b r u r i h s  PM ayn- 
rl~maotxs tnolor i n  reid-titnc. 'rests ihwo been pcr lormd undcr no 10-1 and full load 
r.l~cliLio18s it1 ral.ccl i8 t~ l  ow relercr~ec q,mclr. VcriAcntion of l l le si~nulntion m a l t s  
Ihnvr slrt, lhmu clone br i~ ricp dlat~gc it, t l ~ c  rclcronco spced undcr tlne no load mtd 
l l ~  ~.,,lc:~l l,,d ru~lditions. lllrccls or thc saclclcn loud itnpact on specd and current 
n,spt~~>xos i>itvc also buen alrerime~~lnlly obsvcd .  Tllu cssonm of the A N N  lmd 
drive system is l l iat l lw drive syslco~ mn>i#sl b l low llae rrfi.n.nn. xlxcd .~al.~plin~l,v III,- 
dcr pnr~lneter v~rintialla. Solne Lcsts Ihil\v Ihrco ~~.ot~r ler ln l  lo  ~,l>w.nr. 1111. rl,l*.cl iaoul 
ourrcnl responaea wil l ,  d~nmlge is inertia alld stator rrxirlitncr 1tud1.1 IW luitcl 01151 r~ul1 
load corditions. The dcsigu daln or I h r  Ia1,or~lorp brur l ths I'LI syt~rllmqrnlx n ~ l ~ , r  
arc givon i n  Appendix r\. T l ~ e  xpc~~i~t~eolal rc-t~lls er r  drm.~  i l l  I'igs. 1i.s it8 ll.l:l. 
Figures 6.5(a) all1 (b) sltow t l ~c  rpcri~~lcnttal spcucl ntbd ~p l l i ~w  (.II~I.<,I~I I(,SI)OIXVX tlr 
the ANN bascrl PM bn~slllcss ~y~lcl~rnsnt~a nxol.ov ,lri\,t., r~~sl~l~rl.i\r~lp, II(I<ICT I I ~ I  I ~ i s c l  
condition. for a rolcrcnmspced or IS00 rpln. 1:ig~rrx 6.li(;i) >,II<I (11) $ ~ ~ l ~ i c . l  lb . xplr.ll 
and curmt~t responses undcr nle<l load m ~ ~ c l i t i n ~ ~  lu~. I.l>c n,lt,n,t~vc xpwtl or 181111 r l w .  
I'rom 113- Figs. 6.5 and 6.6 il is ohrc!rv~rl 1.11.21 1111. ltvolmlsl ANN I,;>st.<l I'hl I>r#nsl,- 
Icso ~y~~ I> rn t t ous  malor clrivc ir cnpilblc 01 ~ r ~ ~ n t ~ i ~ t g  at  1111. r ~ l v t l  Iuittl i~!#cl 110 l k l i i c l  
~ ~ ~ d i t i ~ , , ~  by kc~j,3s1i~,g its W C ~ ~ I I ~  8 ~ l t , ~  ~ b i , , ~ . ~ .  'rc.~is I,;,,.<. x,I~,, IIOV.I, 13~~oi~~rtl,~.8~ tcj 
cvalualo l l le  periarmn~~cc o l the pm~macrl ANN b;.rd xynlsw! ;tL Ihw m~fvn,!a.v xl,vrrl, 
N for OXUIIIPIO d 239 rlnn ttndcr 110 load ntad r a ~ l ~ l  hrad (.~>!#clitit>#!s. ~ ' I I< .  SI~CYYI i t ~ l  
phase current resp~naea or llle l,mporty~ nyst.ni3 t,cldr.l. II,W. cn~l~~i~.iolls ;l,r. MI,C,SVII 
i n  F i e .  6.7 and 6.8, rcspcctively. I1 is rlinilo c v i do~ l  Inr,tn I'ipi. 6.7 iilntl fi.8 tl8ial 
ANN ~ p ~ ~ v i d c ~  accumle mbrc!~<? cavn>sls i l l  orclrr 1.0 k,ll<hv Lllr lhw ~<.h.n.!#a.c. s~n~.~vl 
01 239 rpjn unda no 10x1 and htil load w~,,lili~,t~r. It i r  wc,rll, t~~.!~it l taittg lI8:d. ANN 
llns lnkfmt cnrc or t ho  ellcel of  raking ln#rlatc, wl~iclm i.: n,,ai<lc.nrl snw 01 l.11~. 118;rjur 
pmb~cms or nln,ling nil I'M I ~ ~ ~ ~ ~ I ~ I ~ ~ ~  sy.yll. lrl,tlll~~  I I ~ O L ~ ~ F  id. IDW I(.(- 
ercnce spads. Pigtrror 6.9 anrl 6.10 demousl.~.;~lc> LIIc. ~pl:~br!n;s~~n of Llr, ~ln,~,crnt.(l 
ANN bnscd PM bruslalmr ayr1cltrot~o~r6 ~msl.or $r ;L s1c.p rll:kl#~c: ill ~.a:lvn~r#ax~ rl cr.f i  
uudor so load ad ralod lond cm!alilio~#r. I'igulax 6.!l(n) in,tl 6.111(8b) rlnrw 1181. YIS('?(I 
responses and Figs. G.lJ(b) n ~ c l  ti,lO(b) sliua l l l c  ~~x l~~: r imt~~.~~t id  1wrn111 r c l i ~~ t@v i l .  '1'11,.
ANN it, l l le prollorcd ~yslclu providl;j tllc r , ~ c ~ ~ s ; l r y  tc crv~~n: atfirtat81 Iby at l j l l~ l i l lg  it,h 
2 V  0. 50s HOLU 
liigt~m, Li.5: Esperhnental rnults of the ANN based brusl>lesr PH synchronous motor 
h i m  a1 11" 10.d with relercnce sped 1800 rpm; (a) speed response; Y.scale: 750 
rpnn/div. (b) currctnt response; Y-scale: 6 Aldiv. 
rr,q + I . ? V  CHI $ I l l 1  I l(b,l I 
1 1 1 1 1 + 1 1 1 1 1  
5v 0.201 HOLD 
Figure 6.6: Experimcntai wrults of thc ANN based hn~rhlcvr I'M vynrl~nrncl#tr rl~t,l.,,r 
drive at rated load with relercnco speed 1800 rpm; (a) spr,,.d n,sponrc.; Y-rt.i~lt,: 750 
rpm/div. (b) current responx; Y-scale 5 Aldiv. 
0. 5 V  0. 50s HOLD 
Plgt>rc 6.1: Experimental results of Lhe ANN bared brushless PM aynchmnouo molor 
drim nl so load wilh reference sped 239 rpm: (a) speed response; Y-scale: 187 
rpm/div. (b) c~lrrent response; Y-geale: 2 A/div. 
0.5V 0. 50s HOLD 
Figure 8.8: Experimental r c s ~ ~ l l s  ol the A N N  bnsc.d brsz1,luxr I'M rynd>rsr~u~s nlullrr 
drive at rated load with referenee s p e d  239 rprn; (;I) rprrd rr:spO!#rc; V.9r.L.: 181 
~ ~ r n / d i ~ .  (b) current response: Y-scale: 5 Aldiv. 
I'igare 6.9: IExpcrimcntnl rcsults of the ANN based brushless PM rynChronaur motor 
~ I r i w  at no load wilh change in reference speed (a) .peed mponre; Y-scale: 750 
r!~sli<liv. (b) cltrrent response; Y-scale: 2 A/div. 
2V 1.08 HOLD 
Iiigure6.10: Experimental resultsol tile ANN Iharcd b n ~ ~ b l m ~  I'M *yscl~rr,r~ow tmola,r 
driw at rated load with change in reference rpoad in) sprod nxspor~n!; Y-rark.: 7511 
rpmldiv. (b) current response; Y-scale: 5 A/div. 
SV 0.20, HOLD 
I:iislln tl.1 I :  IE~prrina:~~lnl rcnmllr or fltr ,\SX based brurlxlesr PY sgnchronour !no- 
t~ ~lriv,, ; t ~  colccl ~ [ ~ ~ ~ ~ ~ l  wilh scsclder~ load i > t ~ p c L  [a) spmd respor~sc: Y-scale 750 
ll)lll/llll.. [Il) 1.11111.111 n.spot~xt.: Y-scale: 5 ,\/div. 
2V 0.50s HOLD 
I . ~ O I I I I " U , , * . ,  , f I , , , 
i l f l l l l  
SV 0.20. HOLD 
IPigOrc 6.12: ICxpcrin~cslill nsallr crlll8a ASS 11rav.d Ihr~trlhI,,.;~ I 'M sy.yllrl#n,!#o~~? 1~8~~lwr  
clrivc a l  no load sil l ,  d~nsg~:  is  ita:rli& .I -, 2.1 I;,) rllc,#.ll ~wrl~ot#rr~: Y sc.;$b.: 7fll 
rprnldiv. (1,) currn~ l  i.cwponro: Y-rc:rll:: 6 ,\/<liv. 
T r r g * O . O V  CHI 
-&li 
T r l q  +l .OV CHI i I 1 /(I))  1 1 
I:igan! 6.11: Expcrintenlal rnltlls of the ANN based hrushiess PM synchronous motor 
clriw at m~cvl loncl will, ehnngc is incrtia J + ?J (a) ~ p m d  response; Y-scale: 750 
rl,s~/<liv. (b) rairtwt r<.jpa!lrc; Y-smle: 5 A/div. 
2V 0.50s HOLO 
Pigum 6.1.1: Enperimcntnl rulrlls ollho ANN bnxrl I,nr%liI~sr I'M ~yr8rltroso~~s zzlc#lt>r 
drive a1 no load with change in slalor rerislasco I< - 211 (a) spnxl n.sla,nn.; Y a.;d<,: 
i:O rpmldiv. (b) curicnt n:aponre: Y-scrlc: 5 i\/div. 
IVigan. 6.15: E~~rcrinl~enlal rwulla oltltc ANN Ihased brurhlesa PM rynehronoua motor 
(lrtvr nt mhrl load wilh cllange is R + 2R (a) speed response: Y-scale: 750 rpmldiv. 
(b) rurrrttl rrspotar: Y.rcolc: 6 i\/div. 
weights and biases for lh~3e drnnrnie cl~asgcs in  rrkrrrnrc spcrcl am1 tlbc tllin. ryrlc,>tt 
aceorately lolloss t lw rrlemnce spccris lor hot11 tl lr r;lhcs al  io.ndisg ~ ,#~~ l i t i c~ t l r .  '7'111. 
it, mrercnec rpcrl~ tlar brys l,errortla.ci 1~)"  IOSV t e  llill, S ~ ~ , V . ~ .  ~1,~.  
slcp changc in  rrlrnonce rpcrd lor Ilig11 to low r p n ~ l  i8.n brc.t~ ;m,~cIt.d I,t,v;l~lrr or 
the regeneration piohlernol I.hc invcrlcr. 'TIM. dysuntir pn.Bru>it~tc.m o l  1111. ~pnl~rnrcl 
syslem due to thc step change in  load arc sl~owr~ is IVig. 6.1 1, IVig~ln li.1 I(;,) slr>iv 
the experimental speed mponse ruci G.ll(lr) n l ~os  l l t r  r!~rn,tlt n,spot,w ror lltis vlrp 
change in  load. Prom Pig. G.11 i t  is clear l l la l  I.inc p?.rloi!t~al~rr or I N N  I,;!%,tI ry\lc.t>l 
is better than LI,~,, 01 the POP I,WC~ ~~~t~~~ 1 1 1 3 ~ ~ . 1 ~  ill 1 0 i ~ .  'J:J.I. '1.1,~. ,.lr,.(.t 
01 sudden load iinpact on .peed is tsrigniflcast lor 1It1 ANN b;atvl ryrlc.!~~ I,<.c.;~~csv 
a l  the on.iine weights and biases ,up-dnling bnl.l#rc. 'Vlw. ~~rp<~ria>c~st;d vv~~ltl;~liotts 
of apceds and currcnta s i lh  parameter vnrinliona 01 lllr r\NN Ih;nsc.<l I'M Ihnlsl>lc~s.; 
synchronous motor drivcarc sl~own in Pigs. 6.12 to 0.15. 1'igeln.s li.12 lo  li.l:l ?l#<nv 
the speed and current response of thc propored *yrtctn lor vltietg i t ,  i rwr l i i~  !ut~lc.r 
no laad inad conditions 'vhc incrtia or t l ~ o  slotor IILV 1btr.z~ ~ l a~ i l , l ~ r i  I g  
the Pbl aynchm>ous motor with all indac%ios inr,tor or 1,igbt.r itlt.rliil. I1 
is observed that the proposed drivo system rollow rl ir n4mncr: rprrvl wi1.b t~<,gligil,k. 
~ v e ~ ~ h ~ a l i n g s  under no load mlldiliorrs nr shown is  I'lg. li.l2(;l). I'ur lbl, v;u;~:<,l ~.sd*.cI 
load with double inertia 8s shown in Fig. S.i3(a), 1 L ~ ~ d r i a ~ s y ~ t ~ ~ r ~ ~  lu~ ~mri~lc ly h l l t n v~  
the reference speed will, no aver-shootisg. Expcrimc:nl.al 1.val18i~ticrras uf ~.16,111 11 
painmeter variation lor the cwc 01 cbango in  stntor mirtatcc: crl 11s: l~nrl>on~al AWN 
bnsd drive system are allawn in Pigs. 6.14 lo  8.15 ~ l n d c ~  ,to Isird illill I.LLCYI Ih8illl 
eonditionr. In both ca~cr,  tile drivo sy~l.cm is cdpill,Ic: of bllowIr8g n:b,n:!#~c ~pv l r l r  
without any ove~sltootings or undor-nhootisgs. 
The rise t l#ncol l l~oexpcr i~nc~~la l  rpeed rc.rporac.rullhoprupon:d A N N  Ibiru:rl rlrivr: 
ryrtcm i. l i t t le slaw. This is due to the time consuming computations of the ANN 
.d~~:onthm for rhc wights m d  hiane.5 lrpdating from their initial values. incorporation 
121 the ~naxnetrration charncterirtici of PLI moron with rhe ,\XU mqv improve the 
OVC.,.III n.lpO"lC. 
I t  is obrermd that in all cares of experimental rcsulls, the speed responses are 
~.rit icrl ly lampcd. Tho adaptive learning rate of the AYN plays i l r  vital role for 
'I"i,lg w. 
The cnvrlopcs of the experimental current responses as shown in Figs. 6.5 to 
l i . lS .Itow tho real-lime r\NN controller's oatput, i.e Lhc q-axis reference currents. 
IIcpending upon the operating conditions, the real-time ANN provides accurate q- 
;,xis currcnl lor the sarccssful operation of the P41 synchronous motor d r iw  system. 
'rho trmxsi~nt and dynamic responses of the drive system are accurately reflected in  
the cnirent responses. The peak current i n  all cases are within 10 ampere which war 
rvlccted .a the prescribed limit. 
I t  ia noted here that the dc bur voltage of the inverter has been applied through 
n variilc i n  dl crperimenls. Tbir is done to ensure the safe operation of the ~nverter'r 
poacr lrartoistors by considering the fact t h a ~  direct saitchingof the dc voltagecauses 
rpikcs 01 dc voltage for a significant amount >f time duration which may be higher 
thou the snfe turn-on time 01 the power transistor. This arrangement of applying 
tlc lrus mltr%e nfiects the tcansient synchronizing time of the propored drive system 
which nm longer than thole obtained from the simulation raulta. 
6.5 Concluding Remarks 
In ail e~perimentai results, i t  is renl that l l l r  ~prn~,,,~.d ,Iri\r *?drn1 tr I..lll.lI~I~ ,d 
follo%uing the reference speed quite arnlra~rly. I'llrn. is riu r~~ail iealit ov~.~.lt,~~~cii~q 
in  any of the cases. The drive can lteldlc llle r t rp  vhasgc of nhc,src. .l~~~t~tl 11rahr 
various loading -onditians. The *peed <lroopisp ,kt lllr wtcl~lvn ihlp:v.~ uf I1,,n11 1" 
also wlh in  the ncceplable nnge. The aclaptivc on-linr w<.iglttr .tud Ihtnn.3 ~xp~i.aing 
featureof the :\NS provides the appropriate puius rrbrrilrr c.urn.nt so 111.~1 1111. ~lrlv,. 
system doe. not have any difficulty follo.iing ihc reference trajvrtory I,vn, in  ,.,r.,. ,,f 
parameter variations. Moreover, the proposcd drive nlfrr l  an ~~xrrlln111:a1 ~urv $if wiale 
range speed operatnons from very low to rated sp~ecl trndrr so load mcl r.tt.nl ll,;al 
conditions. As can beseen from the erperimentnl res~~lts. thc $yn.u~tic n.spnt~su IW.
is within the range of 0.5 to 0.8 sec. This is acceptable far any k i d  crf ,nll;~lptia. 
controller baaed ac motor drive ryslems. 
The ANN bwed control scheme for the bruslllcas P.LI ry i~c. l~rono~~r  ~u~c tor clrivr 
has been ruccnsfully implemented nnd tasted on n labontory I lhjr istrrior.l.ypc: !'>I 
rynclrinnaus motor. Experimental results validate the clfiracy of !.he ANN .IS art 
adaptive  ont troller for P M  motor drives. The ovcrall ryrtun> jrrrformx1>o:5 an: ~q~>il.r: 
good in  terms of dynamic, transient and steady-*t.st. rcrponr!s. 
Chapter 7 
Summary and Conclusions 
I'ast rmpanse and quirk rsovery from lo,d d i~ l#~rbar~cra ,and ih!<nlrilivily LI ~pnramr- 
ter variations are same of the princrpal crileria i n  d~rignisg nsd isiplsxnc.nl~r~g r Ihigh 
performance variable .peed electric motor drive system, llevirw of rclrv~.nt l i t< . r ;~ l~~rr  
enables ur to concludc that the brushless PM synchro~~aus !~lolur will) ,I r~ait,~lalv 
.peed contro~~er hap the potent is^ to rulfiIi the required rritrria or ~hhh lll.rrorol..al. 
variable speed motor drivc applications. 
Conventional constant gain controller based mal,or drive ryslenls nrvd ;lq:cntrse 
mathematical models to describe the system dynamics. Sophirticr1c:d rystt.m rttucl- 
cls incorporating unawidable conditions such as ratamtion. rli~tttrbilncca, parn,s<:tc~r 
drifts, and temperature variation8 are often ~~nauailable in  thc n!rl worlcl. 'l'lmx 11s: 
performances of the constant gain controller based d r i n  systems arc ~tsprrrlicl.rhlc: 
under abnormal operating conditions. Fsrlhermare, unccrlnit~ty and noal-lincarily 
from the motor mechanical load mmetimcs cause the drive rystcm to  bwemc ~ l n -  
stable in the absence of pmper control. Hcnce nn rdaptiw mnlmller is a~soslial irt 
a high performance PM molor drive syslcm. Existing adaptiw controilcrs mlrh a. 
model reference adaptive rontmller, sliding made controller and self-tunirk8 m!qrlrtor 
arc: bawl  on the system model pammeters. I:navaiinbiiity of the accurate system 
,8l.,cb:1 slatir oflr,n makcs it ciilbclllt and curnberrome to design and implement the- 
lylxv 111 nlaplivr ~nntmllers in rcal.timc. iloreover. a large ntxmber of parameters 
iitr rsrociated with these types of eontroiierr which make them expensive. 
Isi recent wars, artificial neural nel,workr (,\XXr) has b e o m e  a popular choice for 
the adaptive control of electrte motors due to their inhercnl properties of generalma- 
lion, p u a m t c r  inrcns~tivity, parallel processing and non-linear mapping between the 
inlmls and o~t tp l~ ts .  Bawd on the multi-layer ,\NN structure, this work has intro- 
rllircd a rnovel adaptive spred control mechod for high performance PM motor driver. 
' lbc objective of  using the ANN ba?ied speed controller in the P>l motor drive. is to 
overcome the limitations of conventional controller baaed drive systems. In order to  
w i l y  the feuibility of using ANN ar a speed controller lor high performance drive 
systems, an r\NN based PY dc motor drive has been experimentally implemented 
is thc  rcal-time b r a  laboratory hp PM dc motor. Fmm the results of the ANN 
bmed P M  dc motor drive system, it is observed tha t  the ANN speed controller can 
mlaptively tackle the problems of parsmeter changn and load variations, and enables 
the drive system to  follow the reference speed. There encouraging performances of 
d N N  controller in the P M  dc motor drive pmvided the motivation for ur to extend 
itr application to the ease of a brushless PY synchronous motor drive. 
In chapter I ,  en extensive literature survey on variable s p e d  ac motor drivm 
lhas been carried out. A critical rwiew of different types of electric m a t ~ r s  with 
various coutrol structures pmvides a clear picture of the problem associated with 
lhigh performance variabie speed motor drive syrtema. Problem involving the precise 
speed control of the P M  motors have been identified and a oolulian using artificial 
lleurnl network based control structure has beeo propowd. 
In chapter 2, the control rtmtegy of the proposer1 drive syrlenl b;cr bwn ~ i r~ in .d .  
As an integral part of the control xtnicture, tile t l !rorrt~ral baris of thc iiyrfrir. 
sir current controller has been first iavestigatcd and t lxn its pcrforlnall,rr It.cvp I,cycx 
experilnentally verified i n  the inboratory. Finally. n calnplcta dr iw Ibruri~lnr I'h1 syw. 
~hmnour mator drive syrtem based on the coavcntional pscotdo-typl: *13rnl cin>frclllrr 
has been succe~~iuliy simulated and erpcrimcstnlly tntad. 'This rrtlliy prnv1ch.r .I 
basis for further inventigacian of the variable speed high perlorumnrr l'bl !notor cliivv 
system with the modern speed controller. 
I n  chapter 3. meconcept of artificial neural network togethcr s i l h  ila appliu.rhili~y 
to therpeed eantrol of brushless PM synchranou. motor is introd~a,r.Q. 11, nvc~st ymrr. 
the appiication of the ANN i ?  motar contmi is becoming incrcmlngly 1>01"11" i t  ia, 
however, important to choose an spprop:iate structure and n t r a s ~ i r ~  nlgorilhtn af 
the ANN for a particular problem. The multi-layer property or tha r\NN Iha~ pprovc,t~ 
to be most ruccessfui i n  the control of an eieclric molor. Multi-layer berl ft,rwnr,i 
and other type of netivorks have been used in this work. 'rhegeneral slr~mcturc will, 
various functional of the ANN baa been dircuned, C I ~ ~ A ~ I J  01 t,ila I J ~ ~ : ~  
propagation training algorithm have b n n  presented. 
Chapler 4 prmentr an ANN baaed PM de motor dr iw sptem. Since thc ucu:lor 
control of brushless P M  synchronous motor olfers similar control pmperlicx l o  n rep. 
arately excited de motor, as a lest example an on-line adaptive ANN Ibn~nl I'M rlc 
motar drive has b e n  auccersfuuy implemented and teated in  the lal>ornlary. Doriv- 
~ n g  the invene dynamic model of the PM de motor, a real-time ANN controllor llnr 
been designed which has the provision of adaptive weights and him  updating fcntllrc 
together with an adaptive learning rate. A proportional-integral (1'1) conlmllcr b u d  
PM dc motor drive ha. also been tested in  the laboratory and thc test r ~ m l t ~  are 
r r)lnpnrcd with those of the lrroporerl adaptive controller based rystem. 
f:iinpter 5 !n&inly concentraler on thc derivation and dmign of the on-line self 
I.tl!ling ,\NX ..ontmllcr lor lhc sped control of the brushless PH rynchronour motor 
.ileng with tho ?imuldtion of the complete drive system. Performance pred~ctian 
throuph si8nulnlians haw been carried out for many cares, as for eanmple, the study 
of >pt~:.l and current rmponse~ at inted inference and low speed under no load and 
fsl l  lond conditions. Tile cffects of a step change of reference rpeed, a sudden load 
irnpact and parameter variations on the speed and curient responses of the propaled 
systcm lhave also been i~>vestigated through rimulatianr. The simulation resuits give 
.m crvcrvicw of the capability of thc ANN used in  the proposed system for the above 
operating conditions. 
Cl~apter 6 provides the detaiis of the implementation and experimental results of 
tile un-line .*If tuning AXN based brushleas PW rynchmnouli mdo r  drive system. 
Dircunring the vnrious elements of the experimental set up and DSP controller board 
DS-iI02, the crper~menlal result8 have been presented which verify the simulated 
performances of the proposed system as plwented in chapter 5. 
7.1 Major Contributions of the Thesis 
l'hc lllajar contribution of the thesis ace 
blathematical formulation of a three phase hysteresis current contmller has 
been developed and experimentally hated on a three phase R-L load before 
ir~tegrnting with the proposed drivesyatm. 
A novel non-adaptive preudoderimtive feedbad (PDF) type rpeed controller 
lhas been designed to investigate the performances of the conventional controller 
bared brushiesr PLI rynchronoar rnlvtor 
. Performances of the PDF >peed controller nnd thc /I~L!CTPSI(I #.11rre1>1 ,.01111011~~ 
on the hnirhlens P11 motor Ilwe h ~ e ~  c~ralunted C sinnalntt,,s .,:; \vrli nr Ihr 
experiment. 
The applicability of the artificial searnl ~nclwork in  I ~ ~ Y Y ~  rnsta,l of (~~.~II~TICIII. 
magnet motors hna bean justified. 
. A novel speed con~rol technique using m on-line .wlf-rtrsieg .~rtl i ir inI ~w.ar;ll 
network ha. been experimentally implemented for a P Y  dc lntoior. 
An innovative method ofon.line learning rstc is ~ntcgralcd rrilll llnc I\NX I~;tw,tI 
PM dc motor to reduce the overshoots during tiansicnt and dynamic, cllottgn. 
A modified ANN conlmller b r  the PM dc motor with h.edbs.k lw>p It** 1h17.11 
expeiimentaily implemented with enhanced slai>ilily. 
A simple inverse dynamic model of the ht~lsi~less P41 rnoiar ha- irtr.s dt:rivvd 
lor the first time for the artificial neural network based vrclt,r canlrol ~d~ennv. 
An interfacecircuit system has heendeveloped and auld with tho DSf'con1rollr.r 
board todrive thebasedrivecircuitr of theexperimental voltagcrollrrc illa!rlc,r. 
. The developed ANN based system has been sorcesrhrlly ri~nulatcd m d  i!!mpl!:- 
rneoted in  real.time at the power research laboratory of tho Mcmvrial lisivcnily. 
s The developed ANN hared PM brushlers ~ynchro~ous motor drive 8yalrm ir 
capabi. of operating lrom low speeds to the rated speed #under no lord atmd 
rated load conditions. 
1'121. d ~ : ~ ~ l ~ ~ r d  ,\XN Imcd I'M hrlrsl~lcs~ ~ynch~onoils motor drive system er- 
iliiritr exrollon1 dyilarnic pcrformnncc~ for tBc: step change in reference r p e d  
;aid IIIIIII~II had tn>pnct. 'rhc on-line \\v:igibts nrld binrcr ~up-dat$t>g I~ature 01 
line ANX rnnkcs tltr pmporcd I'M h n n h k s $ y t ~ d ~ r ~ ~ ~ o u s  motor drive irtscnritxre 
1.0 ~)arilr~lctc.r varillions. 
7.2 Conclusions 
Cc~nvnttional r p n d  controller based lbr~lshlerr Pbl synchronous motors are ure- 
hll lor rr~~cliam performance drive $yslenla. because this type o l  drive system is 
x~ssitivc to pilranlelor variations nnd not mitable lor low sped operations. 
,\rl.iIicial ~tcural network controlicrs can be used for the speed control o I  P41 
>naoloct .vbich provide robust perlormanoes and are guitnble lor a wide range 01 
31,nrl operation. 
. I t  is l l igl~ly preforrod Lo obtdn an inverse dynamic model of the motor i n  order 
m drsign an appropriate ANN strneture which guarantees to capture most of 
llle ys tcm dyuamic.. 
I\ local ledback ioop in  the ANN should be used to ensure &able operalion o l  
i u  PM dc motor drive. 
. I1;dhcr than aring a Bxcd learning rate i n  the on-line weights and biases up- 
clatirtg, a81 adaptive learning rate technique provide critically damped "peed 
ra.spossr lor high poclotmance PM malor driver. 
. Initial r t  al $eights and biases obtaised lrom 1L. a l r l i ~ ~ c  tiailling ix ~tg~I;,tt.~l 
on-line which provides a 8~siqac Calrbrr of adaphrr <ontrollt.r. 'l'his olfvrs rn 
~ f i c i ~ s t ,  roburt and cary lo  irnplrtllclkl high ~,rrl,,ra?artcr ~ l r i r ,  syrlv~ll 
7.3 Future Scope of Work 
This study loeurcs on ihc (lac 01 dillcreat typm of rpn,rl cat~~mllvrr lor Ihigll 1p.r 
lormanco motor drives hrtifieinl neural netvorkr with ,na~lli-li~)r~r Cc.4 10rs;a~l ;~INI 
other structures have been used with thc bn~k -~ rn~xgd . i on  lrnit ing ;~l~o:arilltln lor 11~ir 
ivork. I t  has been oh.erucd that likc olllcr ty11c.r olcxisting ilclnptivc. rpl.vcl c.otdrollt.rr. 
the response01 the ANN based ryrtcm is not "cry f a t  dltr l o c~ r l ~~s r i v c~  I t n r ~ ~ l ~ ~ ~ l , ~ l i ~ ~ ~ ~ s .  
T:lerelore, other efficient and less time rosssnting on-liilr Irainisg ;dgonlhss rl~trt~ld 
be devised l o  make the syatem work laster. 
The ANN bared hrurhlcss rync i~m~~otrs  motor drivr ryrtcrrh lhilr l h r n t  ~ l c ~ v t ~ l ~ ~ ~ ~ ~ ~ t l  
lor operalion at cunslant torque region allowing lbc molsr lr, bc. <q,<~re~tcrl aw 8, 
variable speed range up to the rated value. 7bc: Beid-wc,nkcsit~g ~n~!11~0~1 x l ~ ~ ~ ~ o l ~ l  I,,, 
iecorparated with the proposed syntcm lor the rprrd opoml io~ i~hovc t L :  buv  xgc~rl. 
The overall system stability has no1 been r l ud i r~ l  lrom lhr: n,slrol ~poirlt, 01 vi<.w, 
and more research has to he carried ou l  i n  this rqnnl .  
Selection methods of quick estimation of tllc i t~it ial wc.i~hlr ;~tb,l ~~~~~~3 1 ~ 0 ~ ~ l d  Is(. 
explored. 
The impact of lecdhack provision of lho a~ lpa1  lo  lhc lhiddnl Inyt:n o l  Illa: i6rl.ilic.i;ll 
neural networkr on the over all stability of tile drivc: ryslezn sl~ot~lcl lbc: nllrclir~d. 
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Appendix A 
PM Synchronous Motor Data 
Type = interior type PM motor 
Rated Ponr = l hp 
Input line to line voltage = 208 V 
Rated frequency = 60Az 
Xurnber of poles = ,I 
q-axis inductance L, = 0.0795 H 
&axis inductance Ls = 0.0124 H 
Stator resislance per phase R = 1.5n 
Inertia canatant J = 0.003Xg.m2 
Damping mnstanl B = 0.00008 (N-m)/rad/rcr 
Magnet flux t i n h e  AM = 0.314 vollr/rad/sm. 
Appendix B 
PM D C  Motor Data 
Ili~t<.d Voltngc, V = :16 volt 
No-ln;ul Slrced, N = G krpm 
r\nnattlre ir~ducln~cc I,. = 1.17 mtl 
,\nrlaLarc r~sirla!~rc R, = 2.8 Ohm 
llolor irlcrlia J ,  = 0.02288 x LO-' I<g.m' 
Vixcoas constant B. = 0.0020 N-m/krpm. 
IPrirtiosal eot!stnnl T,=0.0212 N-m. 
'lirrqxno cooslant. Kt = 0.0438 N-m/r\ 
Vallagceonstnnt. K. = 0.0,139 volt.sec/rad. 
1.0.d Lorque mnslant, v = 0.00018 N-m-sek 
Appendix C 
Analog Interface Circuit 
C.l Description 
The main fundion of tho analoginlcrfacec~rct!il i$ Lu gwcrr1.c. six wlr of ticla. ~r#~ln,h 
for the six transistors of the inverter by )!ring thr fcn>r c l t n~s~~ l s  a1 t l t r  lJ/A ol  tlt~, 
DSP ronlrolicr board DS.1102. 'Phc l int thrct. rhant~cls of 1i1c l)/A rn. ~usc,tl o  
obtain the PWM signals from the hystcn~is currrtll contr<>llrr for 1111, thnv ~ l l l i t s ~  of 
lhe inverter. The analog interfnco circuil splits ea:lt phase's I'WM riglitlx iw1.o l<w> 
parts mrrespondixtg to the positive and ncgativo~ycle.p of lhr n:h,a.slr: cums1.s. 'TI><. 
fourth chsnnelol the D/A is used to obtain the mlnr position nsglt! 0 from lls. IJSI' 
to the interface circuit. With this anglc ih~fnrsrlion, tl~ra~.phrr*c n:fc,n,sv,: rtarrvr,ls 
of fixed magnitude arc generated. Sincc only t.he ~oo-~:r~* isgs are Ll~e s~nwxil,ir~r i f #  
this analog circuit, themfore any ruitahlc lnugnil~~de or lhr rafm?srr. c.!rrn:t~lr c . i ~ r 8  lit: 
used. The following rd&tionships are used to gcncrnlc tbc: tbrr:cphnu? cl~rn:!tlls. 
ib = -(." + jC] (C.3) 
'I'hc. innctios naO ;mil roro ~nwd i n  tilc generation of tltc thrce.pilare reicrence cur- 
rc.,,a;~n: pn~dt~o,rl  using 1110 Analog Dcvice'b. IC ,\D670~6 shown in Fig. CL. Tltetc- 
fr,n., tllc: rc.i<,ra~r:c ~~rrcnt  o i  pharc 'a'is thc sin. hrnction uhtair~al from thc r\D 659. 
'I'lr, rirctril Ihyolrl br generating the thropl~asc reference cr~rrcnls is rllo$%r, :,A Pig. 
C.1. 'I'l~r gcsrraterl thnr.-phoro reference currants arc )used i n  the zero erawing do. 
Pigtrrc C.1: Siue and cosine function generator8 
larlor circ18ils is ordn lo generate symmetrical rectangular waves. These rectangular 
rigttuir are mrtified nncl passed through the logical NOT gates. Thereion two sets 
of jralxv are available (VT belore NOT operation and VT after NOT operation) lor 
iup1x.r nnd lower lrjinridors of tlte inverter. After that, logical AND operations arc 
~pcrlon$sd bet!vmn the I 'WM signals coming from the first three D/A channels o f  the 
IDSP board a ~ ~ d  lhe rectangular pulses with dead zone. 'These operations separate 
Figure C.2: Analog circuit lor Lbe three-plnso relcn>nr:c nsrwtr p.st:r;~t,isx! 
Yigurc C.3: Circuit layout lor tho splitting PWM signals between upper and lower 
Irm,~iatom of Pl,nse n 
Figure C.4 Comlnutilting lnilsr gcsvmling ~rinnit 
the PWM rignals of ench ehatu~ci into two prts for lhr iowvr ,11111 IUI~II.I. I.ri~t~$i.l~~..i 
of each phase correrponding Lo tllc ~msitivc uld ncgnliuc: Ihdl ry1.1~~ s l  thr 1-#.l<~~.n#vt. 
currents. The details of the circuit ~liagranl for gclsrdirlg I'WFVI ~,(l l~t,r fbr IIIIIII.I. 
and lower transistonor thevsl  rroln tho rcrcren~c cllrn.lt~, o ~ e , ~ c  l,~l;w (~I,;,s~. .lrc 
shorn i n  Fig. C.3. The circuit diagrams for hplitting I'WM ~ig~talx 11vlw<~.!1 ,cllpvr 
and lower transistor9 of the other two phase are 1111. .askr iw liig. (:.:I. !'in. ('.,I 
shows the details of the circuit layout lor the poritivu alge Irilp.rc.rl cs!n8ntttnlil>g 
generator circuits provide dead lone for IIW .osllrnl~.~t.lal, <,I llblt.l 
and lower transistors of each ohape. 
Appendix D 
SIMULINK Subsystems 
D. l  Subsystems of SIMULINK hysteresis current 
controller 
Subsystem 
k?k-+ 1 - 
- 
Gain3 DULI 
i n 9  Gain2 Sum 

202 
D.2 Subsystems of the SIMULINK brushless PM 
synchronous motor drive with the PDF speed 
controller 


Galn4 
Gain3 
Sum7 
id* Gain2 
ic 
sum2 
labc 
Vqds 
Lambda 



